Probing The Nanoscale Interaction Forces And Elastic Properties Of Organic And Inorganic Materials Using Force-distance (f-d) Spectroscopy by Vincent, Abhilash
University of Central Florida 
STARS 
Electronic Theses and Dissertations, 2004-2019 
2010 
Probing The Nanoscale Interaction Forces And Elastic Properties 
Of Organic And Inorganic Materials Using Force-distance (f-d) 
Spectroscopy 
Abhilash Vincent 
University of Central Florida 
 Part of the Materials Science and Engineering Commons 
Find similar works at: https://stars.library.ucf.edu/etd 
University of Central Florida Libraries http://library.ucf.edu 
This Doctoral Dissertation (Open Access) is brought to you for free and open access by STARS. It has been accepted 
for inclusion in Electronic Theses and Dissertations, 2004-2019 by an authorized administrator of STARS. For more 
information, please contact STARS@ucf.edu. 
STARS Citation 
Vincent, Abhilash, "Probing The Nanoscale Interaction Forces And Elastic Properties Of Organic And 




PROBING THE NANOSCALE INTERACTION FORCES AND ELASTIC 
PROPERTIES OF ORGANIC AND INORGANIC MATERIALS USING FORCE-








Bachelor of Technology (B.Tech) CUSAT, Kochi, India, 2002 




A dissertation submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy 
in the Department of Mechanical, Materials and Aerospace Engineering 
in the College of Engineering and Computer Science 
at the University of Central Florida 
































© 2010Abhilash Vincent 
 iii 
ABSTRACT 
Due to their therapeutic applications such as radical scavenging, MRI contrast imaging, 
Photoluminescence imaging, drug delivery, etc., nanoparticles (NPs) have a significant 
importance in bio-nanotechnology. The reason that prevents the utilizing NPs for drug 
delivery in medical field is mostly due to their biocompatibility issues (incompatibility 
can lead to toxicity and cell death). Changes in the surface conditions of NPs often lead 
to NP cytotoxicity. Investigating the role of NP surface properties (surface charges and 
surface chemistry) on their interactions with biomolecules (Cells, protein and DNA) 
could enhance the current understanding of NP cytotoxicity. Hence, it is highly beneficial 
to the nanotechnology community to bring more attention towards the enhancement of 
surface properties of NPs to make them more biocompatible and less toxic to biological 
systems. Surface functionalization of NPs using specific ligand biomolecules have shown 
to enhance the protein adsorption and cellular uptake through more favorable interaction 
pathways.  
Cerium oxide NPs (CNPs also known as nanoceria) are potential antioxidants in cell 
culture models and understanding the nature of interaction between cerium oxide NPs 
and biological proteins and cells are important due to their therapeutic application 
(especially in site specific drug delivery systems). The surface charges and surface 
chemistry of CNPs play a major role in protein adsorption and cellular uptake. Hence, by 
tuning the surface charges and by selecting proper functional molecules on the surface, 
CNPs exhibiting strong adhesion to biological materials can be prepared. By probing the 
nanoscale interaction forces acting between CNPs and protein molecules using Atomic 
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Force Microscopy (AFM) based force-distance (F-D) spectroscopy, the mechanism of 
CNP-protein adsorption and CNP cellular uptake can be understood more quantitatively.  
The work presented in this dissertation is based on the application of AFM in studying 
the interaction forces as well as the mechanical properties of nanobiomaterials. The 
research protocol employed in the earlier part of the dissertation is specifically aimed to 
understand the operation of F-D spectroscopy technique. The elastic properties of thin 
films of silicon dioxide NPs were investigated using F-D spectroscopy in the high force 
regime of few 100 nN to 1 µN. Here, sol-gel derived porous nanosilica thin films of 
varying surface morphology, particle size and porosity were prepared through acid and 
base catalyzed process. AFM nanoindentation experiments were conducted on these films 
using the F-D spectroscopy mode and the nanoscale elastic properties of these films were 
evaluated. The major contribution of this dissertation is a study exploring the interaction 
forces acting between CNPs and transferrin proteins in picoNewton scale regime using 
the force-distance spectroscopy technique. This study projects the importance of 
obtaining appropriate surface charges and surface chemistry so that the NP can exhibit 
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CHAPTER 1: INTRODUCTION 
1.1 Introduction to Nanotechnology 
Nanotechnology deals with the science of the extremely tiny materials. Nanotechnology 
was first introduced in the famous lecture of Nobel laureate Richard P. Feynman, 
“There‟s Plenty of Room at the Bottom”, given in 1959 at California Institute of 
Technology.
1
 Since then, many revolutionary developments and ground breaking 
inventions have occurred in the area of nanotechnology leading to various applications. 
According to the US Government‟s National Nanotechnology Initiative (NNI), 
“Nanotechnology is the understanding and control of matter at dimensions of roughly 1 
to 100 nanometers, where unique phenomena enable novel applications.”
2
 
Literally, nanotechnology means the technology performed at nanoscale that has major 
implications in real world. It deals with the creation and manipulation of physical, 
chemical and biological systems at scales ranging from a few nanometers to submicron 
dimensions. Nanostructured materials can be made in various shapes and sizes, including 
spheres, rods, wires, tubes, and triangles. Nanomaterials exhibit very high surface area 
due to their tiny size. Increase in the surface area by few orders of magnitude can results 
in having large number of atoms to be present on the surface of the material. This leads to 
interesting variations in the mechanical, physical, chemical, biological and optical 
properties of the material compared to its bulk counterpart.  
Although nanotechnology is currently well known, it applications remain unexplored. 
The current trend in nanotechnology research promises future breakthroughs in 
nanoelectronics, nanomedicine, energy, biotechnology and information technology. The 
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discovery of novel materials, processes, and phenomena at the nanoscale, as well as the 
advancement of experimental and theoretical techniques may provide new opportunities 
for the scientist and engineers to explore novel applications involving nanostructured 
materials.  
1.2 Cerium Oxide Nanoparticles 
Cerium is a rare earth element of the lanthanide series. While most of the rare earths exist 




3 oxidation state and can flip-flop between 
these two oxidation states in a redox reaction.
3-5
 It is established that CNPs can act as 
excellent oxygen buffers, due to their redox capacity.
6
 As a result of alterations in the 
oxidation states of Ce in CNPs, they exhibit oxygen vacancies (defects), in their lattice 
structure.
3, 4
 The valence of Ce and the resultant defect structure of cerium oxide are 
dynamic and may change spontaneously or in response to physical parameters like 
temperature, presence of other ions, and oxygen partial pressure.
4, 5, 7
 
Due to their unique switching oxidation capabilities, CNPs are found to exhibit 
antioxidant properties by scavenging radicals in biological systems. Treatment of rat 
neuron cells with CNPs showed increased lifespan and reduced cell injury with hydrogen 
peroxide and UV light in vitro.
8
 Other potential biological application of CNPs includes 
radiation protection of healthy cells in radiation therapy
9
, prevention of retinal 
degeneration from intracellular peroxides
10
 and neuroprotection of spinal cord neurons.
11
  
1.3 Silicon Dioxide Nanoparticles 
Silica NPs are widely used in various applications due to their excellent electronic, 
mechanical, optical and biological properties. Currently, silica NPs are extensively 
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studied for their potential use as photonic crystals, optical filters, chemical sensors, 
biosensors, nano-fillers for advanced composite materials, biomarkers for imaging, 
substrates for quantum dots, and catalysts. Properties such as optical 
absorption/transmission, specific surface area, porosity, density and mechanical strength 
are some of the key parameters that determine the utilization of silica NPs in various 
applications. 
1.4 Presented Study 
Considering the beneficial effects of the oxide NPs in many industrial applications, a 
study exploring various properties such as structural, mechanical, porosity, surface 
roughness, optical, surface potential, aging and biological interactions (protein adsorption 
and cellular uptake) are conducted in detail in this dissertation. Though various properties 
of oxide NPs (CNPs and silica NPs) are explored here, the major focus of this dissertation 
is devoted towards understanding the nanoscale mechanical and biophysical properties of 
oxide NPs. The force at which most of the nanoscale properties becomes relevant falls 
between picoNewton to microNewton scale. Hence, AFM based F-D spectroscopy 
technique is utilized to explore the nanomechanical and biophysical properties of oxide 
NPs. The first half of this dissertation discuss in detail about AFM F-D spectroscopy and 
their applications in probing nanoscale mechanical forces. For a deep and thorough, 
understand of this technique, a nanoscale indentation experiment was performed on thin 
films of silica NPs of few 100 nm thickness and their nanoscale elastic properties were 
determined. The changes in the nanomechanical properties of silica nanoparticles related 
to their particle size and thin film surface morphology are discussed. The second part of 
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the dissertation focuses on the application of AFM F-D spectroscopy in probing the 
interaction forces acting between protein molecules and cerium oxide NPs utilizing 
functionalized AFM tips. This dissertation also includes the detailed synthesis procedures 
of size-selected oxide NPs, their surface properties, and their aging behavior in 
dispersion. Showing that the surface charge modification of CNPs can affects protein 
adsorption and cellular uptake can be considered as one of the major outcomes of this 
dissertation. The NP-protein interaction study could lead to a better understanding of the 
interaction forces acting between NPs and biological cells during cellular uptake and in 
future may lead to the design of expert drug delivery systems.  
1.5 Organization of the Dissertation 
The main focus of the dissertation is based on the atomic force microscopy (AFM) based 
force-distance spectroscopic investigation of various nanomechanical properties such as 
NP-protein interaction forces, stretching elastic behavior of protein molecules and 
nanostructured thin film elastic modulus for various applications.  
Different chapters in this dissertation are reproduction (partial or complete) of various 
publications resulting from the author‟s research work during the course of his doctoral 
studies at Surface Engineering and Nanotechnology Facility in the Advanced Materials 
Processing and Analysis Center at University of Central Florida, Orlando, FL, USA. In 
some cases, the publications are edited to suit the format of the dissertation. 
First chapter (the current chapter) gives an introduction to oxide nanoparticles and their 
importance in various applications followed by the details on how various chapters are 
organized in this dissertation.  
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In the second chapter, the author is discussing the application of F-D spectroscopy in the 
high force regime (<1 µm) in investigating the mechanical properties of nanostructured 
thin films. Silicon dioxide nanoparticle (nanosilica) thin films are prepared using acid and 
base catalyzed sol-gel technique and their mechanical properties are investigated as a 
function of nanoparticle size and porosity. The films displayed a range of elastic modulus 
depending on the nature and concentration of the catalyst used for their synthesis. Along 
with their mechanical property measurements, the optical characteristics of these films 
were also tested and the results are presented in the supporting information of this 
chapter.  
In the third chapter, the author is investigating the influence of environmental aging 
parameter on the surface charges of cerium oxide nanoparticle. Here, surface charge 
modified hydrated CNPs are synthesized and their dynamic ion exchange interactions 
with the surrounding medium are investigated in detail. Time dependent Zeta (ζ) potential 
(ZP) variations of CNPs are demonstrated as a useful characteristic for optimizing their 
surface properties. The surface charge reversal of CNPs observed with respect to time, 
concentration, temperature and doping is correlated to the surface modification of CNPs 
in aqueous solution and the ion exchange reaction between the surface protons (H
+
) and 
the neighboring hydroxyls ions (OH
-
). Using density functional theory (DFT) 
simulations, it is demonstrated that the adsorption of H
+
 ions on the CNP surface is 
kinetically more favorable while the adsorption of OH
-
 ions on CNPs is 
thermodynamically more favorable. The importance of selecting CNPs with appropriate 
surface charges and the implications of dynamic surface charge variations are 
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exemplified with applications in microelectronics and biomedical. Here, F-D 
spectroscopy technique is employed to understand the interaction between freshly 
prepared and aged CNPs with silica surface for chemical mechanical planarization 
application. Similarly, the interactions between freshly prepared and aged CNPs with 
transferrin protein are compared for biomedical applications. 
The fourth chapter is focusing on single molecule force spectroscopic (SMFS, F-D 
spectroscopy using single molecule probes) investigation of transferrin protein (Tf) 
interaction with cerium oxide nanoparticle (CNP) for targeted cellular uptake. Here, 
transferrin conjugated AFM probes are used for conducting F-D spectroscopic 
measurements in the low force regime (<1 nN) on CNPs thin films. By tuning the surface 
charges of the CNPs from positive to negative zeta potential, it was found that the Tf-
CNP bonding adhesion can be tuned to a greater extend. Similarly, binding energy values 
obtained from DFT calculations predicted an increase in bond strength between the 
transferrin and CNPs upon surface protonation and charge modification. Transferrin-
conjugated CNPs were tested for their binding stability and preferential cellular uptake 
efficiency by incubating them with human lung cancer cells (A549) and normal embryo 
lung cells (WI-38). Detailed experimental results supported by theoretical calculations on 
Tf-CNP bonding and the mechanism of preferential cellular uptake of these particles are 
presented in this chapter. 
Before going into the individual chapter, a general overview on the importance of using 
force-distance spectroscopy techniques in understanding the interaction force and 
mechanical properties of different material system are provided in the following section. 
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1.6 Force Sensing-Current Understanding-An In Depth Literature Review 
Using atomic force microscopy (AFM) based force-distance spectroscopy it has become 
possible to measure the forces acting between different interfaces at high precision. The 
manipulation of individual molecules by scanning force microscope tips allows us to 
study the mechanical properties of individual biomolecules and cellular components. 
 
Figure 1.1: Force spectroscopy measurements were conducted using NT-MDT Solver 
Pro Atomic Force Microscope (left) with a SMENA controller (top right). For 
measurements in liquid, a closed (hermetic) liquid cell having flow through capability 
(bottom right) was used. 
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1.6.1 Atomic Force Microscope as a Tool for Sensing Molecular Forces 
Since its invention (1986) by Binning, Quate and Gerber
12
 atomic force microscope has 
evolved from being a predominantly imaging technique to a method that allows the 
investigation of molecular forces at interfaces in micro to macroscales.
13, 14
 The cantilever 







































Figure 1.2: (a) The „small ball on weak spring‟ model of an AFM cantilever. This model 
represents the cantilever as an interaction force sensor (b) Schematic diagram of an AFM. 
Here, the sample is placed on a piezoelectric tube actuator stage that can move in the x, y 
and z directions. The interactions between the probe tip and the sample are measured by 
monitoring the deflection of the laser from the cantilever surface. The cantilever 
deflection in response to tip-sample interactions is detected by a four-quadrant optical 
photodiode detector. A feedback controller controls the position of the cantilever with 
respect to the sample by adjusting the piezoelectric tube actuator and collects the data.  
 
The „small ball on a week spring‟ model (Figure 1.2) is a useful way of representing the 
AFM cantilever. In this model, a week mechanical spring (AFM cantilever) is used to 
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measure the forces between a ball (AFM probe) and a sample whose position can vary 
relative to the probe. The probe and sample are translated relative to each other using a 
piezoelectric device, and the movement of the spring is measured by tracing the laser 
beam reflected off the cantilever surface on a position sensitive detector.  
1.6.2 Force-Distance (F-D) Spectroscopy-Introduction 
The interaction forces can be determined using the force-distance curve obtained by 
detecting the cantilever deflection when the tip of the force microscope is moved towards 
and away from the surface (Figure 1.3).  
 
Figure 1.3: Schematic of force-distance spectroscopy technique. The blue curve in the 
left image represents the cantilever deflection-distance curve obtained while the AFM tip 
approaches the sample. The red curve corresponding to the image shown in the right 
image represents the cantilever deflection-distance curve  
 
The applied force F can be deduced from the cantilever deflection zF using Hook‟s law, 
FF kz   (1.1) 
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A force resolution in the range of picoNewton to microNewton can be achieved in these 
experiments. In the low force regime, The interactions observed can range from Van der 
Walls forces in the nanoNewton scale to entropic forces of several hundreds picoNewton. 
In most of the cases, the interactions occurring are strongly depend on the experimental 
conditions, such as the tip and sample material, chemical modification of the surfaces, 
and the surrounding medium. When measurements are performed in air, Van der Waals 
forces, which are always present at the interface, are in general superimposed by the 
presence of stronger capillary forces, which are caused by the condensation of water 
vapor in the area where the tip contacts the sample. The effect of these capillary forces 
can be avoided if the measurements are performed in fluids. 
Force-distance spectroscopy experiments in aqueous solutions are of major importance to 
scientists who are working in the area of biophysics since only this environment allows 
the study of native biological processes and elastic behavior of single molecules, such as 
nucleic acids, proteins and biological cells in situ. Electrostatic forces, that are 
predominant in aqueous solutions
15-18
 can be mainly attractive or repulsive (Figure 1.4) 
depending on the surface potential of the sample and ionic strength, and pH of the 
medium. In addition to electrostatic interactions, the use of molecules with appropriate 
functional groups can lead to short-range dipole-dipole interactions, hydrogen bonding
19-
22
 or in the case of ligand-receptor pairs, highly specific and complex binding types as 





Figure 1.4: Deflection of different interactions by recording force-distance curves. a) and 
b) are attractive and repulsive electrostatic interaction forces acting between the tip and 
the sample in fluids c) Specific ligand-receptor interactions between a protein 
functionalized tip and another protein surface d) Unfolding of a long-chain single protein 
molecule. The light gray curve shows the approaching of the tip to the surface and the 
dark black curve shows the retracting of the tip from the surface. 
 
1.6.3 Force-Distance Spectroscopy-Current Understanding  
Careful analysis of force-distance spectroscopy during approach and retract can provide a 
quantitative measurement on the different kinds of interaction forces acting between the 





Figure 1.5: AFM force curves. (a-d) Represents approach curves. (e-h) Represents 
retraction curves. (a) Attractive, van der Waals force in the absence of other forces. (b) 
Repulsive electrostatic double-layer force in solution. (c) Polymer brushing forces from 
the polymers grafted onto a solid surface in solution. (d) Nanoindentation curve on an 
elastic sample. (e) Adhesion between the tip and the sample. (f) Capillary force results 
from the formation of a water bridge between the tip and sample. (g) Polymer/protein-
extension force curves show a characteristic negative deflection and a jump back to zero 
deflection as the polymer/protein breaks or detaches from one of the surfaces. (h) The 
unbinding of specific receptor-ligand pairs producing a stepwise return to zero deflection 
from the point of adhesion.  
1.6.3.1 Approach Curve 
When two hard surfaces are approached in the absence of any long-range interactions, 
they will often experience Van der Waals forces. For a large sphere approaching a flat 




. Here, D represents the probe-sample separation distance. If the tip dimensions 
are close to the size of single atoms, the 1/D
2





 This force appears in the approaching force curve as a small downward 
deflection just prior to tip sample contact (Figure 1.5a). The downward deflection is often 
very steep and is most of the times associated with a jump-to-contact event. The jump-to-
contact results when the force gradient between the tip and the sample exceeds the 
stiffness of the cantilever.
16
 The magnitude of force depends on the tip, sample and the 
medium. 
Electrostatic and polymer brush forces are two different long-range forces that give rise 
to similar force curve morphology. Quantitative electrostatic measurements can be 
obtained with AFM as a biased AFM probe is brought near to a charged sample surface 
(Figure 1.5b). Research works reported earlier using Surface Force Apparatus (SFA) 
have shown that the Gouy-Chapman theory (the electrostatic part of DLVO theory) can 
be used to understand the relation between the measured force and the surface 
potential.
15, 28, 29
 Ducker and colleagues have shown that this theory also holds good for 
AFM measurements.
30
 Subsequently, AFM had been used by many groups to measure 




Polymer grafted surfaces can experience repulsive forces (polymer brush forces) as 
particles move through their space.
34
 This repulsive force is arising from the reduction in 
the polymer‟s entropy and can be examined by an AFM.
35, 36
 For a densely grafted 
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polymer sample in a solvent, the brush forces acting on a spherical probe can be 
described by the Alexander deGennes‟ theory (Figure 1.5c). 
Elastic properties of samples can be investigated with AFM force-distance curves by 
measuring the depth of indentation corresponding to different applied forces. Second 
chapter of this dissertation is dedicated to the elastic property measurements of acid and 
base catalyzed nanosilica coatings
37
 obtained by conducting force-distance spectroscopic 
measurements. AFM force curves have been widely used to examine the viscoelastic 











 and mast cells.
44
 Temporal 
changes in cellular mechanics have also been monitored using AFM.
45, 46
 One of the most 
widely used models for analyzing the mechanical properties of materials based on AFM-
force-curves is the Hertz model.  This model predicts the forces acting on a spherical 
probe as a function of the mechanical properties of the materials (both sample and the 




1.6.3.2 Retract Curve 
Most of the time, the retracting force curve will not exactly follows the approach force 
curve. There is often hysteresis present in the force curves. The most common type of 
hysteresis is due to the adhesion of the tip to the substrate, which appears as a huge 
deflection in the force curve. The source of the adhesion can vary depending on the 
nature of the sample. For a sphere (AFM probe) interacting with a flat surface (sample), 
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the adhesion force is related to the radius of the sphere and the surface energies (Figure 
1.5e) of both the sphere and the flat surface.
15
 Under normal circumstances, a capillary 
bridge (resulting from atmosphere moisture) is formed between the tip and the sample. 
This capillary bridge itself can act as the main source of adhesion between the tip and the 
sample (Figure 1.5f). Often large force is required to pull the tip away from the capillary 
bridge as the magnitude of surface tension exerted by the capillary bridge can be huge.
48
 
In fluids, the adhesive force depends on the energies at the interface between the tip and 
the sample surfaces, and the medium.
15
 Hence, changing the medium itself can change 
the force of adhesion.
49
 A different type of „adhesion‟ occurs when a polymer or a protein 
is pulled between the AFM tip and the substrate. In this case, one can observe a very 
distinctive „adhesive‟ force as the tip is pulled away from the substrate. These curves 
exhibit a large negative deflection as the polymer or the protein is stretched until they 
break or detach from the tip or the substrate (Figure 1.5g). If multiple polymer or protein 
molecules are attached to the tip and/or substrate, a saw-tooth pattern may be observed in 
the force curve as they detach. A small part of the third chapter and most of the forth 
chapter of this dissertation are dedicated to the SMFS measurements of interaction forces 
acting between protein and nanoparticles.
50
 
The interaction force measurements between specific biological receptor-ligand systems 
have generated massive interest to the biophysical community.
51
 Here, a ligand-
functionalized AFM tip will be brought into contact with the receptor-coated surface (or 
vice versa); the receptor and ligand molecules will eventually bind, and the tip will be 
later retracted. The binding force is calculated from the magnitude of the adhesion spikes 
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(Figure 1.5h). Statistical analysis can be employed here to estimate the bond strengths 
using multiple force curves.
52, 53
 Force-curve studies have been conducted by many 
groups on several antibody-antigen systems
54-56
, avidin-biotin and their analogues
13, 57
 
and complementary DNA strands.
58
 
1.6.4 Problems, Challenges, Solutions 
While probing the elastic properties of nonmaterials, one can break the AFM cantilevers 
or damage the AFM tip. Hence, it is recommended to use high force constant AFM tips 
for nanoindentation experiments. In addition, it is important to make sure that the depth 
of indentation is not exceeding ~1/10
th
 the thickness of the film or size of the 
nanoparticle. For instance, if the nanoparticles are of ~100 nm in diameter, then using an 
AFM tip of size 10 nm or fewer is more appropriate to extract the mechanical properties. 
While indenting nanoparticle samples, one might face issues such as material pileup, 
particle movement, tip blunting, etc. Hence, it is important to conduct multiple force 
spectroscopy measurements and acquire large number of data points to reduce possible 
errors involved in these types of measurements. 
While probing the interaction forces acting between the nanoparticles and protein 
molecules, one can face many challenges in acquiring the real physical data. It is very 
important to select AFM tips with a very low spring constant (10-50 pN/nm) to detect 
picoNewton level forces. Conjugating AFM probe with protein molecules can be 
considered as one of the major challenges involved in these types of experiments. 
Realizing AFM probes terminated with single protein molecules is a challenging task. 
During the conjugation process, multiple numbers of protein molecules can get attached 
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to the AFM probes. In addition, it is possible to have multiple protein molecules 
interacting with the nanoparticle at the same instant. This might lead to forces of 
magnitude close to few nanoNewton. The best way to find out if the obtained F-D curves 
are true representation of single molecule interaction is by fitting the curve with worm 
like chain (WLC) model. Also, it is important to conduct multiple force-spectroscopy 
measurements to attain a reasonably good distribution of force values. When it comes to 
sample preparation, it is important to have a monolayer of nanoparticles of narrow size 
distribution. Preparing a monolayer of nanoparticles on a silicon or mica substrate can be 
a challenging task by itself. However, by using suitable adhesive agents such as poly-D-
lysine or ploy-L-lysine, nanoparticles can be made to adhere very well to these substrates. 
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CHAPTER 2: SOLID-SOLID INTERACTIONS AND ELASTIC 
MODULII OF NANOPARTICLE THIN FILMS 
2.1 Introduction 
Influence of porosity in mechanical properties such as elastic modulus and Poisson‟s ratio 
has been a subject of interest of many researchers as the elastic modulus decreases with 
increase in porosity
1
 and decrease in density.
2
 We have prepared porous silica 
antireflective coatings with 99% and above transmittance on boron silicate glass substrate 
(see Supporting Information for more details).
3
 We found that the refractive index of 
these coatings could be tuned by varying the particle size and porosity. However an 
increase in particle size and porosity can affect the bonding between the particles and 
modify the mechanical strength.
4
 Hence it is necessary to understand the influence of 
porosity and particle size on the mechanical properties of these films. 
Mechanical response of the surfaces to forces at nanoscale and nanometer penetration 
depth levels has been possible with scanning force microscope (SFM)
5-14
, where the 
applied load can be controlled from nanoNewton to picoNewton by changing the tip 
curvature radius and cantilever stiffness.
7
 Herein, we report the surface elastic modulus 
obtained as a function of microstructure and porosity by force-distance spectroscopy on 
porous silica coatings prepared by acid and base catalyzed sol-gel process.  
2.2 Results and Discussions 
2.2.1 Synthesis of Silica Nanoparticle Thin Films 
The details of silica sol-gel synthesis, the coating preparation, microstructural and optical 
characterization are discussed in detail in Supporting Information. Using the acid 
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catalysis, less porous and highly dense coatings can be achieved while use of base 
catalyst results in highly porous and less dense silica coatings.
3
 In our experiments, 
depending on the nature of the catalyst (acid or base) the samples were coded as A or B. 
It is to be noted that only one molar ratio of acid catalyzed silica sample was chosen 
(TEOS to HNO3 molar ratio of 1:0.025) while two different molar ratios of base 
catalyzed silica samples (TEOS to NH4OH molar ratio of 1:1 and 1:3) were used for the 
experiment, as the variation in molar ratio of acid catalyst did not result in marked 
variation on surface morphology and mechanical properties among other acid catalyzed 
samples. The coatings were deposited on boron silicate glass by dip coating.  
2.2.2 Force-Distance Spectroscopy on Silica Nanoparticle Thin Films 
Figure 2.1 shows the F-D curves acquired on a relatively smooth area (selected based on 
AFM image) of the individual coating samples as well as on the glass substrate at a load 
of 2.0 µN using NT-MDT scanning force microscopy. Acquisition of the force curve at 
several points was conducted for better uniformity and repeatability. All measurements 
were made with a silicon cantilever having a tip size of 20 nm diameter. These curves are 
then compared with the curve on the blank glass substrate. Since the silicon tip couldn‟t 
penetrate the hard glass substrate (AFM images shows no sign of indentation on glass 
substrate), the z axis movement of the piezo stage (linear solid curve, G in Figure 2.1) 
represents only cantilever deflection and no indentation while collecting force curves on 
blank substrate. Considering the F-d curves of the coatings, there is a clear trend of 
decrease in slope as well as deviation in the linear nature of the curve due to tip 
indentation. The difference in the piezo height between the substrate and the silica 
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coatings provides the depth of indentation. The cantilever deflection D (in nA) can be 
converted into the applied load F (in nN) using the relation,  
/ ,F kD S    (2.1) 
where k is the spring constant (in nN/nm) determined using the method of Sader et. al.
15
 
and S is the sensitivity (in nA/nm) obtained from the slope of the F-d curve on the glass 
substrate. Base catalyzed silica coatings showed lower resistance to indentation as 
indicated by the decrease in slope of the F-d curves and hence exhibits lower mechanical 
strength (higher depth of indentation) in comparison to the acid catalyzed silica coating. 
 
Figure 2.1: Force-distance curves obtained from base catalyzed silica coatings (B1 and 
B2), acid catalyzed silica coating (A) and a bare glass substrate (G). Inset shows the 
corresponding AFM images of the samples. Particle size increases with increase in the 
basic nature of the catalyst. The mean particle size was found to be 5nm, 30nm, 100 nm 
for A, B1 and B2, respectively. 
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2.2.3 Elastic Modulus of Silica Nanoparticle Thin Films 
It is now possible to calculate the tip indentation Δz into the soft sample as the difference 
in the respective piezo height, z positions relative to the blank glass reference. The elastic 
deformation has been defined through Hertz equation
9-14,
 for a parabolic indenter 
(Parabolic indenter is the most reasonable approximation for an SFM tip), as  
1/ 2 3/ 2
(4 / 3) ,F E R
r
   (2.2) 
where Er is the reduced elastic modulus (also called as effective elasticity), R is the radius 
of the indenter and δ is the indentation depth. The elastic modulus of the sample, Es can 
be obtained from the sample tip interaction and is given by,  
   2 21/ 1 / 1 / ,r t t s sE E E        (2.3) 
where υ is the Poisson‟s ratio, Et and Es is the elastic modulus of the tip and sample 
respectively. The elastic modulus and the poison ratio of silicon tip were taken from the 
literature (Et = 130GPa, νt = 0.27).
16
 Poisson‟s ratio of 0.22 was assumed for silica film 
and it was reported to be not affected by the variation in film density.
17
 Hertzian model 
can be applied only when Et>Es.
11
 The model is valid only for elastic deformation and 
assumes no significant adhesion between the tip and the sample.
18
 It is important to avoid 
any contribution from inelastic deformation and tip-sample adhesion during the analysis 
of the load displacement curve. The adhesion between contacting bodies becomes more 
significant at nanoscale.
19
 We have observed adhesion between the tip and silica coatings 
during unloading. Also in the case of base catalyzed silica films, cracking and pileup of 
material was observed during indentation due to plastic deformation. Hence, only the 
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initial elastic deformation region of the loading curve was analyzed for elastic modulus 
determination.  
 
Figure 2.2: Load-Indentation profile obtained from base catalyzed and acid catalyzed 
silica coatings. The power-law fitting coefficient for each of the curves is listed in Table 
2.1; Insert shows the three-dimensional surface profile of an indent obtained on an acid 
catalyzed coating. 
 
Nanoindentation curves obtained on base and acid catalyzed silica coatings are shown in 
Figure 2.2. The effective elastic modulus of the coatings can be obtained from the 
indentation curve through power-law regression analysis using the following equation,  
,baF    (2.4) 
where δ is the indentation depth, and a, b are the fitting parameters. The value of power, 
b is fixed as 2/3 by applying the Hertz model and the value of coefficient, a can be 
obtained by power law regression fitting (values of coefficient, a are listed in Table 2.1). 
From the parabolic tip model the reduced elastic modulus, Er
 
can be calculated as  
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3/ 2 1/ 23/(4 ),rE a R   (2.5) 
where R is the tip radius. 




































A 635±2 5.9±1.1 0.3 1.7 5.0 2.18 0.00007 13.40 
B2 105±2 99.5±20.7 3.0 14 36.1 1.47 0.00017 5.02 






The elastic modulus calculated for acid and base catalyzed coatings are listed in Table 
2.1. Among all the coatings, acid catalyzed silica coatings showed the highest elastic 
modulus (13.4 GPa) and is close to the earlier reported values for sol-gel silica 
coating.
20,21 
This higher value of elastic modulus compared to base catalyzed silica is due 
to the low porous nature (5%) and higher density (2.18 g/cc) of the coatings. Unlike 
polycrystalline materials whose mechanical properties largely depends on the nature of 
grain boundaries, mechanical properties of glassy materials such as silica depend more on 
composition and structure of the bonding network.
22
 Elastic modulus value calculated for 
base catalyzed silica coating B1 is 1.63GPa, and is close to the reported values for porous 
silica.
22
 The lower value of elastic modulus is due to the presence of large number of 
pores in the film as the B1 silica film is approximately 49% porous in nature and the 
density is very low (1.17 g/cc). Due to their high porous nature, porous silica coatings 
often exhibit very low density
23









2.2.4 Significance of Surface Roughness on Elastic Modulus 
Coatings obtained from porous silica sol-gel contain roughness in the form of asperities. 
Presence of these asperities will increase the surface area over which the tip and the 
sample make the effective contact. This leads to a reduced contact pressure for a given 
load and results in a lower value of elastic modulus.
10
 In order to determine the 
significance of surface roughness on elastic modulus determination, a nondimensional 




0/ 16 / 9 ,s s rR a RE F      (2.6) 
where ζs is the rms roughness obtained experimentally and a0 is the contact radius for 
smooth surfaces under the load F. The Hertz theory for smooth surfaces is valid only if 
the parameter α is less than 0.05.
25
 The value of α calculated for acid catalyzed silica 
coating with a low surface roughness of 0.3 nm is less than 0.05 which is within the error 
limit. Hence, no roughness correction is required for acid catalyzed silica coating. 
However the value of α calculated for base catalyzed silica coating with B1 with a 
surface roughness of 4.5 nm is 0.23 (>0.05) and the value of value of α calculated for 
base catalyzed silica coating B2 with a local cluster surface roughness of 3 nm is 0.26 
(>0.05). A second nondimensional parameter µ, defined by Greenwood and Tripp
26
 is 
given by,  
 
1/ 2
(8/3) 2 / ,s s sR      (2.7) 
where µs is the asperity density and κs is the mean curvature of the summits of asperities. 
Greenwood and Tripp obtained two values of µ, which bracketed a wide range of 
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practical rough surfaces. Using these two parameters, α and µ, the correction required for 
elastic modulus is determined. The ratio of effective contact radius (experimental), a
*
 to 
the Hertz radius (theoretical), a0 are influenced by the surface roughness as shown in 
Figure 2.3. Since E is proportional to 1/a
3
, the elastic modulus value after roughness 
correction for base catalyzed silica coating B1 is approximately 2.38 GPa. In the case of 
base catalyzed silica coating B2, the coating was mainly formed by individual silica 
agglomerates (clusters) of size closer to 100 nm (AFM image of B2 in Figure 2.1) and 
contained larger size pores. However, B2 silica coatings were less porous (approximately 
36%) than that of B1 silica coatings. Due to the larger size of silica agglomerates 
compared to SFM tip diameter, the indentation experiments conducted on these 
agglomerates particles only represents the mechanical properties of the skeletal silica 
agglomerates and not that of the porous silica coating. The elastic modulus of individual 
silica agglomerates obtained after roughness correction is approximately 5.02 GPa. The 
amplitude contrast AFM images of B2 silica coatings (Figure 2.3 inset) showed that these 
silica clusters are agglomerates of smaller size (diameter approximately 20 nm) particles 
with a local cluster surface roughness of 3.0 nm. The bonding strength between these 
individual particles determines the mechanical properties of these bigger agglomerates. 
The reason for lower value of elastic modulus of these silica agglomerates is mainly due 
to the weaker bonding between the individual amorphous particles. 
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Figure 2.3: Influence of surface roughness on the effective contact radius a
*
 compared 
with the Hertz radius a0 for two values of µ that encompass a wide range of practical 
rough surfaces.
26
 For coating B1, α = 0.23 and 4<µ<17, a
*
/a0 is between 1.12 and 1.15 
and for coating B2, α = 0.26 and 4<µ<17, a
*
/a0 is between 1.13 and 1.17; Insert shows 
the amplitude contrast AFM image of base catalyzed silica coatings. 
 
2.3 Conclusion 
Porous silica optical coatings obtained by acid and base catalyzed synthesis showed 
variation in elastic modulus depending on the microstructure and nature of the coatings. 
From SFM indentation curves, using the Hertz model we have obtained the elastic 
modulus of thin film silica optical coatings. Acid catalyzed silica coatings were denser in 
nature and exhibited higher elastic modulus than base catalyzed silica samples. Between 
the two base catalyzed silica coatings, the particle size, microstructure and porosity 
greatly influenced the individual elastic modulus values.  
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2.5 Supporting Information: Sol-gel Derived Silica Nanoparticle Thin Films 
2.5.1 Introduction  
Antireflective (AR) coatings play an important role in variety of optical technologies by 
reducing the reflective losses at the interfaces. AR coatings have been widely used in 
many energy related applications such as solar thermal and photovoltaic systems. In the 
case of devices, such as flat panel display AR coatings are used to reduce the 
transmission losses.
1
 There are several approaches to introduce anti-reflectance and 
among them, the coating with an adjustable refractive index on the substrate is a 
prominent one. An ideal homogeneous antireflective coating can achieve effectively 0% 
reflection at a specific wavelength when its refractive index (nc) is equal to (n1n2)
1/2
, 
where n1 and n2 are the refractive indices of the air and the substrate, respectively.
2
 A 
typical glass has an index of refraction between 1.45 and 1.65 in visible spectral region, 
which implies that the index of refraction of the antireflective interference film must be 
between 1.20 and 1.25.
3
 Such a low-index requirement makes it practically impossible to 
design a dense single-layer AR film on glass. Further, the low refractive index is difficult 
to attain with any known low index coating material (the lowest index optical material is 
MgF2 with n = 1.38 at 600 nm).
4
 Since the refractive index of a material is related to its 
density, the index can be lowered by introducing porosity, provided that the pore sizes are 
much smaller than the electromagnetic wavelengths of interest. The refractive index is 












n 1 n 1
1





  (2.8) 
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where nf and ns are the refractive indices of the porous film and the solid skeleton, 
respectively, and Vf is the volume fraction of the pores. Thus, by tuning the porosity, 
hence refractive index of the coating, it is possible to tune the antireflective properties of 
any substrate material.  
The materials widely used as AR coatings are dielectric materials such as silica, titania 
and alumina with refractive indices of 1.45, 2.3 and 1.65 respectively in the mid-visible 
range spectral region. Silica coating has low refractive index, good durability and 
environmental resistance.
6
 As a result of tunable refractive index properties, porous silica 
is considered to be one of the best anti-reflective coatings
7, 8
 which attracted wider 
interest in optical, microelectronic, and thermal applications.
9-13
 To introduce porosity in 
thin films, broadly three approaches can be followed: (i) by introducing organic filler 
particles as templates that can be removed later to create the porosity, (ii) by coating 
made up of larger particles, (iii) by the use of bimodal size distribution.
14
 Sol-gel 
technique is widely used for producing porous coatings. Sol-gel technique gives a greater 
control on pore size as pore size can be modified by tuning the process parameters.
6, 15, 16
 
While the use of as filler particles for introducing porosity lead to poor mechanical 
properties
17, 18
 porous silica coatings developed through colloidal sol-gel route were 
reported to be stress-free and highly damage resistant.
18, 19
 Acid or base or a combination 
of acid and base has been used as catalyst to form the porous silica coatings.
16-18
 
However, still a comprehensive understanding relating the role of catalyst, catalyst 
concentration with surface and optical properties are limited. 
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In the present study, we have used acid and base catalysis for the fabrication of anti-
reflective porous silica coatings with a transmission of about 99% on boron silicate glass. 
The effect of catalyst nature and concentration on porosity, surface roughness, micro-
structural and optical transmittance has been reported. 
2.5.2 Experimental Section 
2.5.2.1 Materials  
Silica porous coatings were prepared by sol-gel method using tetraethyl orthosilicate 
(TEOS, Sigma Aldrich, 98%) as precursor and ethanol as the solvent (Sigma Aldrich, 
99.5%). The molar ratio of TEOS to ethanol was maintained at 1:30 for all the 
experiments and either a base (ammonia) or an acid (nitric acid) was used as a catalyst. 
Depending on the nature of catalyst (acid or base), the samples were coded as AC or BC. 
All solutions were aged at different times to ensure completion of condensation reaction 
depending on the concentration of the catalyst to form a sol optimum for coating. Table 
2.2 summarizes the sample codes and the corresponding variation in molar ratio, 
viscosity and aging time for both acid and base catalyzed samples. Viscosity 
measurements were carried out using HAAKE Viscotester 7 rotational viscometer, at 
25°C and at a shear rate of 244.8 s
-1
. The coatings were made on glass slides by dip 
coating technique (Dip Coater, 1000 IUD, KSV Instruments Ltd., Finland) at a 
withdrawal rate of 8.5 cm/min. Boron silicate glass (BK-7) having a refractive index 
close to 1.53 at 550nm, was used as substrate. The glass slides used as substrate for 
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coating were ultrasonicated in acetone for 10 minutes. The coatings were dried at room 
temperature in air under normal atmospheric conditions for 12 hours. 
Table 2.2: Details of synthesis parameters for the preparation of porous silica 
Coating TEOS to catalyst molar ratio Viscosity (mPa.s) Aging time (hrs) 
BC11 1:1 1.92 72 
BC12 1:2 1.87 30 
BC13 1:3 1.84 18 
AC 1:0.025 2.56 18 
 
2.5.2.2 Surface and Optical Characterization of Silica Nanoparticle Thin Films 
The surface topography and the microstructure of the coatings were studied with a 
Multimode AFM (MMAFM-2, Nanoscope IIIa Digital Instruments) in tapping mode 
using a 7 nm radius silicon tip (PPP-NCH, Nanosensors). The surface root-mean-square 
(RMS) roughness values were obtained from the analysis of AFM images. Solver PRO 
Scanning Probe Microscope (NT-MDT Co.) was used to perform the coating scratch 
resistance measurements. The coating thickness and refractive index was calculated from 
the optical transmission spectra by simulation using Film Star software (FTG Software 
Associates). Ellipsometry measurements (VASE Spectroscopic Ellipsometer) were used 
to validate the calculated thickness and refractive index from the simulation. 
Transmittance of silica coatings were measured with a UV-visible spectrophotometer 
(Varian, CARY 1E) over a spectral range of 200-900 nm. Attenuated Total Reflectance - 
Fourier Transformed Infra Red (ATR FT-IR) spectroscopy was used for evaluating 
structural modifications. ATR FT-IR spectra were recorded in a Perkin Elmer (Spectrum 
one) FT-IR spectrometer in the range of 4000-600 cm
-1
. Surface area measurements were 
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carried out to obtain the texture properties (surface area and pore volume) using a NOVA 
4200e Surface area & Pore size analyzer. The silica samples were degassed at 378K for 
12 hours and the adsorption-desorption isotherms were obtained at 77K. The surface area 
was calculated using Brunauer-Emmett-Teller (BET) method and the average pore radius 
(r) and pore size distributions (PSD) were calculated by the Barrett-Joyner-Halenda 
(BJH) method. 
2.5.3 Results and Discussion 
2.5.3.1 Surface Morphology of Silica Nanoparticle Thin Films 
 
Figure 2.4: AFM images of acid- and base-catalyzed silica coatings on BK-7 glass 
substrate: (A) AC, (B) BC11, (C) BC12, and (D) BC13. Particle size increases with 
increase in the basic nature of the catalyst. All the images are taken at 1 μm x1 μm area at 
a scan rate of 1 Hz. 
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AFM patterns of the surface morphologies of silica films for AC, BC11, BC12 and BC13 
are shown in Figure 2.4. AFM images exhibited a direct relation between the surface 
morphology with the nature and concentration of catalyst. The acid catalyzed coating 
(AC) exhibited smooth and dense surface while base catalyzed coatings (BC) showed 
rough and coarse particle morphology. Among the three bases catalyzed samples, BC11 
showed finer particle while BC13 showed coarser particles. With the increase in base 
concentration, there was a corresponding increase in particle size. It is to be noted that 
even lower molar ratio of acid catalyst (AC in Table 2.2) resulted in smooth surface 
morphology and further increase in acid catalyst concentration did not result in marked 
variation of surface morphology. Apart from the one acid catalyzed silica sample 
mentioned as coating AC in Table 2.2, two different concentrations, one with lower and 
one with higher acid content, were prepared with molar ratios of 1:0.0125 and 1:0.0375. 
Optical transmission and particle size of these coatings remained the same and were 
found to be independent of the amount acid catalyst used. However, a trend of 
transition from an ultra smooth to a slightly clustered network structure was observed 
with increase in acid content. Since changes in acid content has marginal influence on the 
morphology and transmission only coating AC is reported here. Particle size distribution 
calculated from the AFM images (Figure 2.4) are shown in Figure 2.5. The mean particle 
size was found to be 5 nm, 30 nm, 55 nm, 100 nm for AC, BC11, BC12 and BC13, 
respectively. The surface studies showed a direct relation of particle morphology on the 
acidic/basic nature of catalyst in the precursor solution.  
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Figure 2.5: Particle size distribution of Base Catalyzed silica samples, BC11, BC12 & 
BC13 obtained from AFM image shown in Figure 2.4. Particle size increases with 
increase in base catalyst concentration. 
 
2.5.3.2 Surface Chemical Analysis of Silica Nanoparticle Thin Films 
 
Figure 2.6: ATR FT-IR spectra of acid and base catalyzed silica samples in the regime of 




In order to understand the chemical modifications occurring over the surface of the silica 
thin films, infrared spectral analysis was carried out. ATR FT-IR spectra of porous silica 
formed from base and acid catalyzed silica sol-gel in the regime of 600 to 1400 cm
-1
 is 
shown in Figure 2.5. The Si-O-Si vibrational modes, ascribed to symmetric stretching 





respectively. A strong shoulder observed at about 1150 cm
-1
 is related to the longitudinal 
optical component (LO3) of the high frequency vibration of SiO2. All the samples 
exhibited a band near to 940 cm
-1
, which is assigned to stretching vibrations of Si-OH 
bonds. The absence of peak at 1400 cm
-1
 indicates that no residual ethoxy groups were 
present. Figure 2.7 shows the ATR FT-IR spectra of porous silica samples in the regime 
of 4000 to 1500 cm
-1
. An O-H stretching region observed near 3400 cm
-1
 (Figure 2.7) 
where both H2O (3300 cm
-1
 ) and SiOH (3650 cm
-1
) components are apparent.
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 An O-H 





Si-O-Si and Si-OH peaks increase with increase in concentration of base catalyst. AC and 
BC11 showed a low intense Si-O-Si and Si-OH peaks in comparison to BC12 and BC13.  
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In order to delineate the intensities of Si-O-Si and Si-OH with the influence of catalyst, a 
Gaussian curve fit carried out for all the coatings. Figure 2.8 shows a Gaussian curve fit 
for the base catalyzed sample BC13. After resolving individual peaks, and the area under 
the peak was calculated towards their integrated intensity. Ratio of integrated intensity of 
Si-O-Si to Si-OH peaks at positions 1060 cm
-1
 and 940 cm
-1
 respectively were calculated. 
Calculated Si-O-Si to Si-OH ratio was found to be 1.85, 2, 2.4 and 2.6 for AC, BS11, 
BS12 and BS13 samples, respectively. Acid catalyzed silica coating (AC) showed the 
lowest ratio while the ratio shifted from 2 to 2.6 with the concentration of base catalyst. 
The relative increase in the peak integrated intensity ratio shows an increase in formation 
of Si-O-Si and a corresponding decrease in Si-OH intensity. In other words, an increase 
in base catalyst concentration increases the rate of condensation reaction of silanol group 
(Si-OH) to form siloxane groups (Si-O-Si).  
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Figure 2.8: Gaussian peak fitting of the ATR FT-IR spectra for coating BC13; Individual 
peaks are resolved for relative intensity calculation. 
 
Synthesis of silica by sol-gel process involves the formation of a colloidal suspension of 
siloxane groups (Si-O-Si) by condensation reaction of water with silanol (Si-OH). The 
mechanistic aspects of hydrolysis, alcohol and water condensation reactions are widely 
available in literature.
22, 23
 The polymerization stages can be described as (i) 
polymerization of monomers to form primary particles, (ii) growth or agglomeration of 
primary particles into larger particles and (iii) linking of particles into chains to form a 
three dimensional network that extend throughout the liquid medium leading into a gel 
formation.
22, 23
 Presence of acid or base catalyst has profound effect on the mechanism of 
the reaction and the final morphology. 
Under acidic conditions, the alkoxide group is protonated in the first step. Si in the 
alkoxide becomes more electrophilic and starts reacting with the surrounding water 
molecule. The water molecule attacks from the rear and acquires a partial positive charge. 
At the same time, the positive charge of the protonated alkoxide is correspondingly 
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reduced resulting in the formation of a penta-coordinate transition state with significant 
SN2 (Substitution Nucleophilic bimolecular) type character. At the end of the reaction 
alcohol leaves as a byproduct followed by inversion of silicon tetrahedron (Scheme 
2.1).
22
 This hydrolysis reaction is followed by polymerization reaction to form siloxane 
bonds by either an alcohol producing or water producing condensation reaction. The 
sequence of condensation requires both depolymerization (ring opening) and addition of 
monomers.
22
 The rate of ring opening polymerizations and monomer addition reaction is 
dependent upon the solution pH. In this acidic pH range (pH<7), the solubility of silica is 
very low and the particle growth stops when the particle reach about 5 nm where the 
solubility and the size dependence solubility is greatly reduced. Thus, the resulting linear 
chain network will be composed mostly of small primary particles. This is in agreement 
with our AFM results (Figure 2.4A). In the base catalyzed condition, the water 
dissociates to produce nucleophilic hydroxyl anions in a rapid first step. Here also an SN2 
reaction mechanism is composed of the hydroxyl anion attacking the silicon atom and 
displacing the OR
-





Scheme 2.1: Acid catalyzed reaction mechanism of sol-gel silica 
 
Scheme 2.2: Base catalyzed reaction mechanism of sol-gel silica 
 
 
The growth occurs primarily through the addition of monomers to the more highly 
condensed particles rather than by particle aggregation. Due to greater solubility of silica 
and greater size dependence of silica above pH = 7, these larger particles grow by 
Ostwald ripening
23
 mechanism whereby the particles grow in size and decrease in 
number as highly soluble small particles dissolve and precipitate again into larger less 
soluble particles. The growth stops when the difference in the solubility between the 
smallest and the largest particle becomes negligible. This type of growth results in highly 
branched silica cluster formation, as the particles are negatively charged and repel each 
other to form particulate sol. This is in agreement with our AFM images of base 
catalyzed coatings (Figure 2.1b-d). Thus acid catalysis resulted in dense film due to the 
formation of polymeric chains while base catalysis leading to porous film through 
particulate network formation. This is in agreement with the surface morphologies 























































2.5.3.3 Textural Properties of Silica Nanoparticle Thin Films 
 
Figure 2.9: Pore size distribution (PSD) profiles of the acid- and base-catalyzed silica 
samples. 
 
The textural properties (surface area, pore volume, pore size distribution) measurements 
were carried out on acid and base catalyzed silica samples. The pore size distribution 
(PSD) of acid and base catalyzed silica powders are shown in Figure 2.9. The sample AC 
(acid catalyzed) shows a smooth surface while base catalyzed samples showed a wider 
distribution. Further, the mean pore size shifted to larger values for base catalyzed 






Figure 2.10: AFM image of base catalyzed silica (BC13) coating with pores in between 
silica particles. Arrows indicate the pore centers. 
 
The textural properties of acid and base catalyzed silica samples are summarized in Table 
2.3. BC11 powder showed higher surface area (~595 m
2
/g) and highest porosity (49%) 
among all powders. This is due to the small particle size nature (~34 nm) of BC11. But 
BC13 powder composed of larger silica particles (~100 nm) showed the lowest surface 
area (~264 m
2
/g) and porosity (36%) among the base catalyzed samples and the pore size 
of BC13 was more compared to that of BC11 and BC12. Figure 2.10 shows the AFM 
image of BC13 silica with pore centers trapped between silica particles (indicated 
through arrows). BC12 powder (~57 nm size particles) has a surface area in between 
BC11 and BC13 (~357 m
2
/g) with a porosity of 42%. AC powders showed the lowest 
surface area (~199 m
2
/g) and lowest porosity (5%) among all the powders. Acid 
catalyzed silica coatings results in atomically smooth coatings (RMS roughness ~0.34 
nm). These coatings form a strongly bonded network structure, which gives them high 
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mechanical strength. Their low surface area in powder form can be correlated to their 
lower surface roughness in the case of thin film form. The density of porous silica is 
calculated from the pore volume fraction and bulk density of silica powder.  
The density of porous silica obtained from base catalyzed silica increased as the 
concentration of base catalyst was increased. This is due to the formation of larger silica 
particles. As the particle starts growing, they form more and more dense particles, which 
are devoid of any pores. This is the reason for increase in density of porous silica with 
base catalyst concentration. Acid catalyzed silica showed the highest density (2.18 g/cc) 
among all the samples. This is due to the formation of highly dense network structure 
which had much lower porosity (5%) and is close to the bulk density (2.3 g/cc) of silica. 
AFM scratch resistance measurements were conducted on these coatings to determine the 
resistance to low load scratching. W2C coated AFM tip of 30 nm curvature radius (NSG 
20/W2C, NT-MDT) was used to scratch the coatings. Base catalyzed silica coatings 
showed no resistance to scratch and exhibited a scratch depth closer to their film 
thickness (~100 nm) at a load of 10 µN, while acid silica coatings were highly resistant to 
scratch and exhibited a scratch depth of ~2 nm even at a load of 40 µN. Acid catalyzed 
coatings composed of smaller (less than 2nm) particles with many more particle-particle 
bonding resulting in higher coating strength. Base catalyzed silica coatings composed of 



















Density (g/cc) of 
porous silica 
AC 198.87 0.02 1.7 5.0 2.18 
BC11 594.46 0.42 4.7 49.1 1.17 
BC12 356.61 0.32 8.2 42.2 1.33 
BC13 263.97 0.25 14 36.1 1.47 
 
2.5.3.4 Surface Roughness of Silica Nanoparticle Thin Films 
The surface topographies of both the substrate and the film determines the quality of the 
coating in terms of their optical transmission.
26
 The surface morphology of the coatings 
can lead to surface scattering and reduce the transmitted intensity. Optical transmission 
through a rough surface is considerably affected by scattering of light having 
wavelengths close to the magnitude of the surface features. The optical scattering loss at 
a rough interface between two media is described by the scalar scattering theory.
27-29
 The 
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  (2.9) 
and the surface scattering coefficient is given by  
 
2








  (2.10) 
where T0, λ, Rq n1 and n2 are the total transmittance, optical wavelength, RMS surface 
roughness, refractive index of film and air, respectively.
26
 In order to quantify the surface 
topography, roughness measurements on the coatings were made using AFM. Table 2.4 
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shows the roughness and the particle size of these coatings. The root mean square (RMS) 
surface roughness of the base catalyzed silica increases with increase in base 
concentration due to an increase in the particle size (Table 2.3). As the particle size 
increases the surface packing density decreases, void space increases between the 
particles, and surface become rougher. Among the base catalyzed silica films, BC13 had 
the highest roughness of the order of 16 nm. In the case of acid catalyzed silica, the 
surface roughness is less (0.3 nm). This is because, when the particle size becomes 
smaller, the packing density increases and the surface become smooth (Table 2.3, Figure 
2.4A). With the increase in particle size and film surface roughness, optical scattering 
loss also increases. It is clear from Table 2.4 that the scattering loss of AS is much less 
while BC13 showed the highest scattering loss among all samples. The scattering loss 
due to surface roughness in the transmitted intensity is less than 1% for all the samples, 
which is much less to affect any transmission loss. Since RMS surface roughness of all 
these films are less than 20 nm, these roughness is small enough not to cause any intense 
surface light scattering as long as the wavelength is longer than 200 nm.
30
  
Table 2.4: Surface roughness & particle size of optical coatings from AFM image 
analysis 












BC11 4.5 33.5 ± 8.8 5.2X10-4 5.2X10
-2
 














2.5.3.5 Optical Properties of Silica Nanoparticle Thin Films 
 
Figure 2.11: Transmission Spectra of acid and base catalyzed sol-gel silica coatings on 
glass substrate. BC11 showed the highest transmission among all the samples (99.03% at 
548 nm).  
 
UV-Visible optical transmission spectra of the acid and base catalyzed sol-gel silica 
coatings are shown in Figure 2.11. Base catalyzed silica coatings showed high optical 
transmission in the visible wavelength range, while acid catalyzed silica coatings 
exhibited lower optical transmission. The base catalyzed sol-gel silica with a TEOS to 
NH4OH ratio of 1:1 (BC11) resulted in a transmission of 99.03% at 548 nm compared to 
that of the acid catalyzed silica (a transmission of 95.50%). This enhanced transmission is 
due to the lower refractive index of the base catalyzed silica, compared to the former, 
which is necessary to produce higher transmission on boron silicate glass. This 
observation can be correlated with the structural morphology the coatings (Figure 2.4). 
As discussed earlier the base catalyzed hydrolysis resulted in larger silica particles and 
the silica coatings prepared from the sol-gel solution have larger pores and higher surface 
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roughness. The porous centers can trap air and can result in an inhomogeneous refractive 
index coating. Since the refractive index of air is considered as unity, incorporation of air 
in highly porous coatings can result in a lower refractive index compared to that of less 
porous coatings. Although it is expected that BC13 sample should show higher 
transmission compared to other samples it exhibited a lower value. In BC13, the coating 
is composed of 100 nm diameter silica clusters and the sizes of the void space between 
these clusters are comparable to the size of the clusters. With the increase in void space, 
there will be a corresponding increase in light scattering at wavelengths closer to their 
size. This results in lower transmission of BC13 compared to that of BC11.
3
  
2.5.3.6 Refractive Index and Thickness of Silica Nanoparticle Thin Films 
The refractive index of these coatings can be calculated by constructing continuous 
envelops TM and Tm around the maxima and the minima of the interference fringes.
31
 If 
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If n1 and n2 are the refractive indices at two adjacent maxima (or minima) at λ1 and λ2, the 
thickness d is given by, 
 
1 2







  (2.13) 
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Figure 2.12: Comparison of theoretical and experimental transmission spectra of base 
and acid catalyzed silica coatings on glass substrate. 
 
Film Star software was used to model the refractive index and the thickness of these 
coatings and was matching well with the experimental results obtained from ellipsometric 
measurements. Figure 2.12 shows a comparison of the experimental data versus 
theoretical transmission spectra of the base and acid catalyzed sol-gel silica coatings. The 
theoretical profile agrees well with the experimental results.  
The acid catalyzed sol-gel silica coatings are usually denser in nature compared to that of 
the base catalyzed silica coatings. The multiple interference peaks of the acid catalyzed 
silica coating showed that these coatings were thicker in nature, while the base catalyzed 
silica coatings were thin as indicated by their transmission spectra. Film thickness 
increases with viscosity and dip coating speed (pull or drain rate).
33
 Both acid and base 
silica coatings were prepared with the same withdrawal rate of 8.5 cm/min. The variation 
in thickness between acid and base catalyzed silica can be directly correlated to the 
viscosity of the sol-gel solution (Table 2.2). Viscosity of acid catalyzed silica was 2.66 
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mPa.s while that of base catalyzed silica varied between a close range of 1.92 to 1.84 
mPa.s. In the case of acid catalyzed silica, strongly bonded network structure makes the 
sol more viscous than the loosely bonded particulate structure obtained in the case of base 
catalyzed silica.
25
 Among the base catalyzed silica, BC11 showed higher viscosity while 
BC13 showed lower viscosity. This can be correlated to the presence of higher interaction 
forces present between larger concentration of small silica particles as compared to that 
of BC12 and BC13 where the interaction forces are low due to smaller concentration of 
large size silica particles.
34
 However the variation in viscosity among the base catalyzed 
silica sol-gel solutions was marginal and insufficient to produce noticeable thickness 
variation among base catalyzed silica coated samples. Table 2.5 presents the calculated 
thickness, refractive index, and other optical properties of the films. The calculations also 
showed that the refractive index of the sol-gel silica coatings were less than that of the 
substrate, which is a different form of silica and is highly dense in nature. The lower 
refractive index of sol-gel silica is due to the effect of the incorporation of porosity. Acid 
catalyzed silica coatings showed a higher refractive index (1.443 at 550nm) compared to 
that of base catalyzed silica coatings (1.335 at 550nm) over the substrates of boron 
silicate microscopic glass slides (1.53 at 550nm). The maximum transmission values 
were due to the tuned refractive indices and the horizontal location of the maximum peak 
was due to altered film thickness, which would not affect transmission. Thus by varying 
the concentration of base catalyst, which results in modifications of porosity it is possible 
to optimize the refractive index and percentage of transmission. 
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Table 2.5: Optical properties of silica coatings made by acid and base catalyzed sol-gel 
chemistry 
Coating Thickness Refractive index 
Maximum 
%transmission 
Wavelength of maximum 
transmission 
AC 635 ± 2 nm 1.443 ± 0.001 95.5 521 nm 
BC11 110 ± 2 nm 1.335 ± 0.001 99.0 548 nm 
BC12 107 ± 2 nm 1.340 ± 0.001 99.0 609 nm 
BC13 105 ± 2 nm 1.395 ± 0.001 97.3 714 nm 
Substrate (Boron 
silicate glass) 2 mm 1.530 ± 0.001 92.0 550 nm 
2.5.4 Conclusion  
Porous silica thin films were prepared by sol-gel method by dip coating technique in the 
presence of acid and base catalysts. The coatings showed variation in morphology 
depending on nature of the catalyst used. While acid catalysis resulted in smoother 
surface, base catalyzed coatings exhibited a coarse, porous surface. Infrared spectral 
analysis showed an increase in Si-O-Si peak intensity in the case of base catalysis, due to 
an increase in condensation reaction of silanol group (Si-OH) results in coarse particles. 
Because of coarse particle morphology, base catalyzed samples exhibited larger surface 
area and pore volume, while acid catalyzed samples showed lower surface area and pore 
volume due to smooth surface. Bases catalyzed silica coatings showed superior optical 
transmission, higher surface roughness and lower refractive indices, while acid catalyzed 
silica showed less porous and non-particulate network structure with a lower optical 
transmission. Base catalyzed samples provided a greater flexibility in controlling the 
particle size, pore size, refractive index and hence optical coatings suitable for 
antireflective applications. However, the mechanical strength of the acid catalyzed 
coatings was found to be superior to that of base catalyzed coatings due to the stronger 
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particle-particle binding. The present work shows that by controlling the porosity and 
particle size, it is possible to attain almost 99% transmission in the visible range. In 
general, this approach can be useful for preparing sol-gel based porous antireflective 
optical coatings. 
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CHAPTER 3: ORGANIC AND INORGANIC INTERACTIONS OF AGED 
NANOPARTICLES 
3.1 Introduction 
Nanoparticles (NPs) of size less than 100 nm exhibit remarkably different properties from 









, and targeted drug 
delivery.
5
 The homogenization, dispersion, and stabilization of NPs in suspension are of 
primary importance for their high performance in many applications.
6
 Since, the surface 
energy of NPs is significantly higher than that of larger particles
7
, NP sols are extremely 
sensitive to the changes in their physicochemical environment such as pH, ionic strength, 
temperature, and concentration, which in turn influences their agglomeration in 
suspensions.
8
 A stable colloidal NP suspension can be obtained by balancing the 
attractive van der Waals forces acting between the NPs against the repulsive Columbic 
forces induced by the surface adsorbed species. Such suspensions are often formed by 
providing steric or electrostatic stability by adding chemical additives to adjust the 
suspension properties such as viscosity, ionic strength, pH
9
 or by surface 
functionalization of the NPs themselves.
10
 However, addition of chemicals may add more 
complexity to the system and may be undesirable. For example pure NP suspensions are 
required for targeted drug delivery and cellular uptake, 
5, 11
 where the interactions 
between NPs and biomacromolecules, cells, or living tissues determine the toxicity.
8
 
Surface charge modification of NPs through acidic or basic buffer treatment and 





Cerium is a rare earth element of the lanthanide series. The oxide form of cerium (CeO2) 
has been widely used for glass polishing
12
. Currently cerium oxide nanoparticles (CNPs, 
also known as nanoceria) have been used in catalytic conversion
13
, solid oxide fuel cell
14
, 
and oxygen gas sensor.
15
 Recent advancements in bionanomaterials research have proven 
the superoxide dismutase (SOD) mimetic radical scavenging activity of CNPs in 
protecting cells against oxidative stress.
16-18
 The unique property of CNPs, which makes 
them suitable for potential applications, originates from the increased concentration of 
Ce
3+
 ions with the reduction in the size of the CNPs and their relative ease to undergo 




 states (due to the presence of oxygen 
vacancy).
19
 Due to their biocompatibility, small size and cell membrane permeation 
capabilities, CNPs conjugated with ligand proteins has been identified as potential drug 
carriers, that can target and release drugs to cancerous cells. Our earlier studies have 
shown that the efficiency of surface modified CNPs to successfully target cancer cells 
and undergo internalization mainly depends on the stability of the CNP-ligand binding 
which is often influenced by their surface chemistry.
5
 The nature and long-term stability 
of the modified surface charges on CNPs and their behavior under different physiological 
conditions is relatively unknown and a detailed study is necessary to explore the 
physicochemical changes taking place on the CNP surface under these conditions. 
Similarly, for applications such as in chemical mechanical polishing (CMP), the 
interaction between CNP and silica surface in the slurry can be greatly influenced by the 
changes in the surface charges of CNPs.
20
 Hence, a molecular level understanding of 
surface reactions occurring with time, temperature, concentration of CNPs and associated 
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changes in surface charges, is essential to develop applications where long term surface 
stability of NPs is highly desirable. Herein we report the surface charge variations of 
CNPs measured in terms of their Zeta (ζ) potentials (ZPs) as a function of aging time, 
dispersion temperature, concentration, CNP annealing temperature, doping and their 
influence in targeted drug delivery and chemical mechanical polishing. 
3.2 Materials and Methods 
3.2.1 Synthesis of CNPs 
Cerium nitrate hexahydrate (Ce(NO3)3.6H2O, 99%, Aldrich) was used as a precursor for 
synthesizing CNPs.
21
 To 0.1 M aqueous cerium nitrate solution (500 ml), 1.0 N 
ammonium hydroxide (NH4OH, Alfa Aesar) solution was added to maintain the pH at 9 
and stirred for four hours. Deionized water (18.0 mΩ) purified in a Barnstead NANOpure 
Diamond system was used for all the experiments. The resultant solution was stirred and 
allowed to settle overnight. The precipitates were washed with water multiple times to 
remove any weakly adhered ions on the surface and dried at 100 °C to obtain the CNPs. 
It is reported earlier
22
 that, the precipitation of Ce(NO3)3.6H2O precursor solution 




 ions in solution. The addition of excess NH4OH to the 
Ce
3+




 ions. Due to their low 
basicity and higher ionic charge, Ce
4+
 ions undergo strong hydration to form hydroxide 
complex. 








2 )()()(        (3.1) 
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This complex will undergo polymerization. In aqueous solution, due to its polar nature, 
H2O tend to take the excess protons (H
+
) away from the hydroxide complex.  




2 )4()(.4)()(        (3.2) 
The precipitation of the hydrated )(. 22 OHnCeO  species leads to the formation of CNPs 
according to the dissolution precipitation mechanism. The precipitated particles were 
centrifuged and washed with deionized water multiple times to remove any impurities 
attached to the surface. Resultant NP powder was dried at 100 °C and was analyzed by 
both X-ray diffraction (Rigaku Model) and high-resolution transmission electron 
microscopy (Philips Tecnai operated at 300KeV).  
3.2.2 Tuning the Surface Charges of CNPs 
NPs tuned with positive or negative surface charge groups usually form strong 
electrostatic bonds with ligand molecules having oppositely charged groups. To study the 
stability of modified surface charges of CNPs, both positively and negatively charged 
CNPs were prepared by treating with different acidic and alkaline pH buffers in the range 
of pH 3-13. All these buffers were prepared by adding known amount of concentrated 
HCl or KOH (as necessary to adjust the pH) to 0.05 M KCl solution. This preparation 








) in all buffers. The surface charges of 
CNPs were varied by treating 5 mg of the CNPs with 5 mL of pH buffer at a 1 mg/mL 
final concentration. The suspension was ultrasonicated for an hour and stirred using a 
magnetic stirrer for another 24 hours followed by centrifuging and re-dispersing in 
deionized water at a concentration of 1 mM. The centrifuging and re-dispersion cycles 
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were repeated until the pH of the CNP solution becomes neutral. The ZP value of the 
CNP solution was measured using Zetasizer (Nano-ZS) from Malvern Instruments. The 
instrument uses a combination of Laser Doppler Velocimetry (LDV) and Phase Analysis 
Light Scattering (PALS) in a technique called M3-PALS to measure the NP 
electrophoretic mobility. The details of this method can be found elsewhere.
23
 The 









              (3.3) 
where ζ is the ZP of the particles, ε and η are respectively the dielectric constant and 
viscosity of the medium and f(ka) is the Henry's function. κa is a measure of the ratio of 
the particle radius to electrical double layer thickness. The value of f(ka) was chosen as 
1.5 (Smoluchowski approximation) as the zeta potential measurements were conducted in 
aqueous medium. The original ZP values obtained were rounded to three significant 
figures and are represented as approximations. 
3.2.3 Time, Temperature and Concentration Dependent Aging of CNPs 
Time, temperature and concentration dependent ZP variations of CNPs were monitored at 
different intervals and the effect of aging conditions on the ZPs of CNPs were 
investigated in detail. To study the influence of aging time on the ZPs of CNPs, solutions 
of both positively and negatively charged CNPs (obtained by acidic and alkaline buffer 
treatment) kept under normal atmospheric conditions (room temperature) were monitored 
for several months and their respective ZP variations were plotted against aging time. 
Role of aging temperature on ZPs of CNPs was determined by heating the positively 
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charged CNP in solution at different temperatures and recording their changes at each 
temperature. Similarly to study the concentration dependent ZP variations, positively 
charged CNPs in solutions were diluted at different concentrations in the micromolar 
regime (concentrations of interest for cellular uptake studies) and their respective ZPs 
were reordered against their concentrations. In temperature dependent study, the ZPs of 
CNPs were compared with that of doped, annealed and micron ceria (purchased from 
Johnson Matthey) particles. Yttrium (Y) and ytterbium (Yb) were chosen to prepare 
doped CNPs as their ionic radii were respectively larger and smaller than that of pure 
cerium. 
3.2.4 AFM Force Spectroscopy Measurements 
Atomic force microscopy (AFM)-based Single Molecule Force Spectroscopy (SMFS)
5, 25-
28
 has proven to be one of the most versatile technique that can induce molecule level 
interactions on surfaces using functionalized probes and at the same time monitor these 
interaction forces in picoNewton resolution. SMFS were carried out to study the 
interaction between transferrin (Tf) protein and CNPs, using Solver pro Scanning Probe 
Microscopy (SPM) with a SMENA controller from NT-MDT, Moscow, Russia. We used 
Tf conjugated AFM probes (procedure for Tf-AFM probe conjugation is reported in our 
earlier publication
5
) with an average spring constant of 0.05 N/m and a tip curvature 
radius of ~10 nm for force measurements. Samples were prepared by drop coating CNPs 
on an atomically smooth silicon surface. The forces of interaction between Tf and CNPs 
were measured using SMFS on these samples by landing the probe tip on to the NP 
surface. Tf interacted strongly with the NP surface upon contact. The nature of the 
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bonding was influenced by the surface charge and surface chemistry of the NPs. 
Following the landing, the tip was retracted from the surface. This lead to the stretching 
of Tf and subsequent bond breakage between Tf and NPs. Quantitative information 
regarding the elastic stretching behavior of protein and their interactions with the NP 
surface can be obtained from the force curve analysis. The laser deflection-piezo 
displacement data obtained from the SMFS experiments were then converted to force 
against displacement of the tip from the sample surface using the following equation. 
sztztD /)()()(                   (3.4) 
where D(t) is the distance between the AFM probe and the surface in nm, z(t) is the 
piezostage displacement, δ(z) is the cantilever deflection in nanoampere (nA) and s is the 
sensitivity of the cantilever determined by calculating the slope of the part of the force-
distance curve reflecting the bending of the cantilever obtained on silicon sample. The 
force F(z) is calculated by using the Hooke‟s law for a linear elastic spring (cantilever) as 
szkzF c /)()(               (3.5) 
where kc is the spring constant of the cantilever.  
Similarly, to study the interaction between silica surface and CNPs in CMP slurry, AFM-
based force-distance spectroscopy measurements were carried out using AFM probes 
attached with 600 nm diameter silica bead. The average spring constant of the cantilever 
was 4.5 N/m. The forces of interaction between silica bead and CNPs drop coated on 
silicon were measured by lowering the probe tip close to the CNP surface and retracting 
it until the silica bead-CNP adhesion breaks. In both the cases, multiple force 
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measurements were carried out at different locations on CNPs coated silicon samples and 
the corresponding force values were plotted in the form of histograms. 
3.2.5 Computational Details 
The Density Functional Theory (DFT) calculations presented here were carried out with 
the plane-wave based Vienna ab initio simulation package (VASP).
29, 30
 The electronic 
ground state is determined by using local density (LDA) approximation. We used 
LDA+U version with local part described by Ceperley-Adler functional. On site Coulomb 
and exchange interaction are treated by a single effective parameter Ueff=U-J. Plane 
waves are included up to an energetic cutoff of 415 eV, the electronic wave functions 
were described using the projected augmented wave (PAW) method and Ueff=5 eV.
31
 
These calculation parameters were recently employed for the investigation of ceria. It 
was shown that LDA+Ueff approximation demonstrates better agreement for geometry 
with experiment than GGA+U approach.
32
 Energies of LDA+Ueff optimized structures 
were recalculated with Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 
using Ueff=5.5eV.
33
 Supercells were chosen with at least 10 Å between replicas to remove 
spurious periodic interactions while Coulomb interaction between periodic charged 
images is compensated according to the procedure reported earlier.
34
 
3.3 Results and Discussion 
3.3.1 Time Dependent Surface Charge Modifications of Hydrated Nanoceria 
The structural and morphological properties of CNPs were determined by X-ray 
diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM). 
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From the HRTEM image, the mean particle size of CNPs was calculated to be ~8.2 ± 1 
nm. Both XRD (Figure 3.1a) and selected area electron diffraction (SAED) (Figure 3.1b 
inset) patterns of CNPs display the cerium oxide fluorite structure.  
 
Figure 3.1: (a) XRD spectrum and (b) HRTEM image of fluorite structured CNPs. The 
peaks corresponds to positions 1, 2, 3 and 4 in the XRD spectrum represents the planes, 
(111), (200), (220) and (311), respectively (JCPDS 81-0792). The inset in the HRTEM 
image shows the SAED pattern of CNPs. The CNP particle size is ~8.2 ± 1 nm. 
 
The surface charge of colloidal NPs is often addressed by measuring their ZP, an 
electrostatic potential that exist at the shear planes of the particles, related to both surface 
charge and the local environment of the particles. The pH at which the CNPs exhibit a ZP 
of magnitude close to zero (point of zero charge, PZC) is reported to be ~9.5.
11
 The 
surface charge formulation on CNPs can be visualized as follows. When anhydrous 
cerium oxide is dispersed in water in the form of a colloidal suspension, it binds with 
H2O molecules to form hydrated CeO2. When the pH of the solution is less than the PZC 
of CNPs, hydrated CeO2 absorbs a proton (H
+




PZCpHOnHOHnCeOOnHOHnCeO   ,)(. )(. 232322        (3.6) 
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Similarly when the pH of the solution is greater than the PZC of CNPs, hydrated CeO2 
looses an H
+




PZCpHOnHOHnCeOnOHnCeO   ,)(.)OH( )(. 2222        (3.7) 





ions governs the sign and magnitude of the ZPs of CNPs.  
To determine the effect of aging time on the surface charges, ZPs of CNP solutions were 
monitored at regular intervals of time. Figure 3.2a shows the ZP of fresh CNPs (at a 
concentration of 1 mM) aged at room temperature for 0, 40, and 220 days respectively. 
Immediately after dispersing freshly prepared CNPs in water (0 day), a high positive ZP 
of +43.0 mV was observed. This can be attributed to the formation of positively charged 
species (H3O
+
 ions) on CNP surface due to the increased dissociation of the H2O 
molecules at CNP oxygen vacancies
36, 37
, according to the eq. (1). Also, CNPs exhibited a 
time dependent shift in ZP from positive to negative charges (+43.0, -3.90, and -31.5 mV 
at 0, 40 and 220 days respectively). To further explore the surface charge dynamics, time 
dependent studies were carried out on both positive and negative charged CNPs formed 
via acidic or basic pH buffer treatment (CNPs were re-suspended in deionized water after 
the buffer treatment). Figure 3.2b shows the ZPs of CNPs (1 mM) after treatment with a 
range of pH buffers (pH 3-14). CNPs treated with acidic pH buffers retained positive 
ZPs, while CNPs treated with alkaline pH buffers (pH 8-13) exhibited a gradual shift in 
ZP from positive to negative with increasing pH. The PZC of CNPs was observed at pH 
10 (Figure 3.2b). After about 40 days, the ZP of all the positively charged CNPs changed 
 68 
to negative values, while the magnitude of negatively charged CNPs increased to higher 
negative values. The ZP measured in 220 days for all the pH treated CNPs exhibited high 
negative ZPs values in the range of -26.0 to -36.0 mV. The time dependent shift in ZP 
from positive to negative values observed could be due to the replacement of the 
positively charged surface species from the NP surface (H
+
) with the negatively charged 
counter ions (OH
-
 ions). Figure 3.2c shows the schematic of potential distribution around 





 ions in the surrounding interfacial region, resulting in an 
increased concentration of counter ions (ions of opposite charge) close to the CNP 
surface. Though, both aging and pH buffer treatment resulted in different surface charges, 
the size of CNPs remained the same in all these conditions. The HRTEM images of 
freshly prepared positively charged CNPs and aged negatively charged CNPs are shown 
in Supporting Information Figure 3.10. 
 69 
 
Figure 3.2: ZPs of freshly prepared CNPs (a) and CNPs treated with different pH buffers 
(b) aged at room temperature. Acid buffer treated CNPs resulted in positive ZP and 
alkaline buffer treated CNPs resulted in negative ZP. Both untreated and buffer treated 
CNPs exhibited a time dependent shift of ZP from positive to negative charge. Negatively 
charged CNPs became more negative with time. (c) Schematic of potential distribution 
around positive and negative charged CNPs. Development of a net charge at the NP 




 ions in the surrounding interfacial region, 
resulting in an increased concentration of counter ions (ions of charge opposite to that of 
the particle) close to the NP surface. During aging, positive charged CNPs display a 
tendency to replace their surface protons with OH
-
 counter ions. 
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3.3.2 Proton and Hydroxyl Ion Interactions with Hydrated Nanoceria 










 ion interaction by considering a small CNP as shown in 
Figure 3.3a, that has a size of ~1 nm and C19O32 stoichiometry. This is a minimal 
octahedral NP derived from a bulk cerium oxide fluorite lattice, exposing the most stable 
(111) facets in accordance with the HRTEM images of the CNPs shown in Figure 3.1b.  
The bulk ionized water structures have been elucidated by previous ab initio molecular 
dynamics simulations,
38
 which found that fast proton exchange processes lead to 








 forms of hydronium. 
Modeling of H3O
+
 ion interaction with CNP demonstrates that hydronium ion is unstable 
in the vicinity of CNP and decays to an H
+
 ion and a H2O molecule. This H
+
 ion forms a 
covalent bond with CNP while the H2O molecule gets adsorbed on to the CNP surface by 
forming two hydrogen bonds. We performed CNP-H3O
+
 interaction simulations with the 
distance between CNP and hydronium oxygen fixed at 3Å. Calculations predict that 
H3O
+ 
ion on the vicinity of CNP is highly unstable and will undergoes barrierless 
dissociation reaction by proton transfer from the H2O molecule to the CNP surface. This 
forms a metastable CNP-H
+
 complex. However, after the equilibrium is established, the 
H
+
 species on the CNP surface is replaced with OH
-
 ion from the solution and forms 
more stable CNP-OH
-
 complex.  
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Figure 3.3: Atomic structure model of octahedral (CeO2-x)19 x=0.32, NP obtained from 
the bulk cerium oxide by cutting through (111) planes with different molecular species 
adsorbed: (a) bare CNP, (b) CNP with H
+
 ion, (c) CNP with OH
-
 ion adsorbed on the 
facet, (d) CNP with OH
-








 ions are 
shown as light yellow, blue, red and gray spheres, correspondingly. Projection of electron 





 ion (facet) and (g) OH
-
 ion (vertex). Color code blue (ELF=0) and red 
(ELF=1.0) represents full absence and full presence of electron pair in actual point of 
space. Adsorbed H
+
 ion forms a covalent bond with CNP while ionic bonding is observed 
between adsorbed OH
-
 ion and CNP.  
 









ion, there is only one possible way to be bonded to the oxygen atom on the NP surface as 
shown in Figure 3.3b. There are two equilibrium positions for OH
-
 ions; one on the facet 
position, in between the three oxygen atoms terminating at the CNP surface (Figure 3.3c) 
and the other position on the vertex of CNP near the cerium ion (Figure 3.3d). At latter 
position, OH
-
 interacts significantly stronger with CNP as the main contribution towards 
binding interaction comes from the attractive Columbic interaction between cerium ion at 
vertex position and the neighboring OH
-
 ion (Figure 3.3d). In the former case, interaction 
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is partially screened by surface oxygen ions and the value of the binding energy (BE) 
obtained between the OH
-
 ion and facet cerium ion is smaller compared to that of vertex 
cerium ion. H
+
 ion is covalently bonded to the CNP‟s surface oxygen while OH
-
 ion is 
ionically bonded as seen from the electron localization function (ELF) 
42
 plots shown in 
Figure 3.3e-g.  




 complexes as a function of the number of 
ligands (adsorbed species) are shown in Figure 3.4a. Here, the BE between CNP and n 
number of adsorbed X species is defined as:  
  nnXCNPEXnECNPEBE /)()()(            (3.8) 
where E(CNP), E(X) and E(CNP-nX) are the ground state energies for CNP, X species 
and CNP with adsorbed X species, respectively.  
 




 ions with CNPs as a 
function of number of ions on the NP‟s surface. The BE calculations predict that Ce19O32 
NP is able to adsorb maximum two H
+
 ions (positive ZP) while its ability for OH
-
 
adsorption is much higher. Adsorption of OH
-
 ion on CNP‟s vertex and facets positions 
are considered. Larger BE values were observed for the interaction of OH
-
 ion with Ce
3+
 





as a function of their distance from the equilibrium position on the CNP‟s facet that 
defines the zero point of energy. CNP with adsorbed OH
-
 ion is more energetically 






As seen from Figure 3.4a, OH
-
 ions interact with CNP significantly stronger than H
+
 ions. 
This interaction is attractive and its magnitude decreases with the number of additional 
OH
-
 ions adsorbed by CNP. Between the two different equilibrium positions for OH
-
 
ions, the vertex position is found to be the more stable than facet position. Adsorption of 
OH
-
 ions to these sites leads to a slight decrease in the BE values from 1.47 eV for one 
adsorbed OH
-
 ion to 1.12 eV for six adsorbed OH
-
 ion species. In the case of CNPs with a 
facet adsorbed OH
-
 ion, the BE profile display a steady decreases from 1.31-0.37 eV. At 
the same time, BE values of H
+
 ions steadily decreases and becomes negative for n>2, 
indicating that the interaction between protonated CNP and H
+
 ions becomes repulsive 
and no further attachment of H
+
 ions are possible on a doubly protonated CNP of the size 
studied here.  
Experimental results revealed ZP changes from positive to negative values with time 
while the theoretical results predict that the CNPs exhibits a favorable tendency to bond 
to OH
-
 ions in solution. Such experimentally observed changes in the sign of ZP indicate 
that kinetics of proton-hydroxyl ion exchange on CNP surface play a major role in the ZP 
sign reversal. To explain such behavior, the potential energy of the elementary processes 
responsible for the rates of the ion adsorption and desorption were calculated. Potential 
energy profiles were evaluated for a number of configurations constructed by varying the 
distance between CNP and adsorbed species (reaction coordinates). Geometrical 
optimization was performed for each structure by fixing the distance between adsorbed 
species and CNP (relaxed scan). The obtained results are presented in Figure 3.4b. The 
CNP-H
+
 NPs are formed during the barrierless decay of Eigen cations near the vicinity of 
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CNPs as described above. The removal of H
+
 ion from CNP proceeds through the 
breaking of the covalent bond between CNP and H
+
, which requires the overcoming of 
the energy barrier. Subsequently, the OH
-
 ions have to overcome another energy barrier 
to form coordination bond with CNP surface and to reach the most stable low energy 
state. This energy barrier originates from the redistribution of f-electron density in the 
CNP during the approach of OH
-
 ion from the large distance to the equilibrium position 




 ions in CNPs are shown in 
Figure 3.3a, d, respectively.  
These computational results can be summarized as follows. When CNPs are introduced 
into the aqueous solution, their surface is protonated through the fast, diffusion controlled 
process (diffusion of protons from the solution to the CNP surface), resulting in the 
formation of kinetically favorable CNP-H
+
 complexes. This is the possible reason for the 
initial positive ZP observed for freshly prepared CNPs dispersed in water. During the 
aging process, the OH
-
 ions slowly overcome the potential barrier to association and 
occupy the thermodynamically favorable positions by displacing the H
+
 ions from the 
CNP surface. Thus, performed calculations explain the inversion in ZP observed during 
the aging of freshly prepared CNPs.  
3.3.3 Influence of Solution Temperature on the Surface Charge Modifications 
Since our experimental and theoretical observations indicate a kinetically controlled 
change in the CNP surface charge, we tested the effect of the parameters that can 
influence the kinetics, such as temperature and concentration. To determine the effect of 
the temperature on ZP, the CNP solutions (1mM) were heated in situ from 25 to 65 C 
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and their ZPs were measured at each temperature after reaching an equilibration time of 5 
minutes (Figure 3.5a). Freshly prepared CNPs exhibit ZP values of +43.0, +40.4, +36.2, 
+36.1, -5.68 mV at 25, 35, 45, 55, and 65 
o
C, respectively. Starting from 25 
o
C, the CNPs 
exhibited a decreasing trend in ZP (with marginal variations) until 55 
o
C. However, at 65 
o
C, CNPs exhibited an inversion in ZP sign from the positive to the negative value (-5.68 




Figure 3.5: (a) ZPs of freshly prepared CNPs measured instantaneously at different 
temperatures within an equilibration time of 5 minutes. (b) ZPs of fresh CNPs heated at 
65 
o
C and measured at 25 
o
C. ZP of CNPs gradually shifts from positive to negative 
values with time.  
  
The nature of ZP changes observed while heating the CNP solution at different 
temperatures were similar to that observed in the case of CNP solutions aged for several 
days. Though heating at 65 
o
C resulted in negatively charged CNPs, cooling the solution 
back to room temperature displayed positive ZPs of lower magnitudes. Hence, another set 
of experiment was initiated where the CNPs solution was maintained at 65 
o
C for several 
hours and the ZP was measured after cooling the suspension back to 25 
o
C. Figure 3.5b 
shows the ZP of CNP solution heated at 65 
o
C and measured at 25 
o
C. In a span of 6 days, 
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the ZP of the CNPs became stable and exhibited a negative ZP of -27.3 mV at room 
temperature (25 
o
C). Further heating of CNPs solution did not result in considerable ZP 
variations. These observations suggest that during the heat treatment, accelerated 
dissociation of protons from CNP surface occurs, which is partially reversible. The 
following association of CNPs with the hydroxyl ions from the solution proceeds at a 
slower rate. 


















            (3.9) 
where R is the ideal gas constant, T is the absolute temperature, F is Faraday‟s constant, z 
is the valency of the ions, ζd is the charge density of the NP, ε0 is the electrical 
permittivity of a vacuum, εr is the dielectric constant of the electrolyte assumed to be 
equal to that of water and C is the concentration of the ions in the electrolyte in mol/L. 




 ions. For pure deionized water 




 ions are equal to c=10
-7
 mol/L. Table 
1 displays the charge density calculated for CNPs in suspension heated to different 






Table 3.1: Calculated charge density (ζd) at different temperatures using dielectric 
constant for water (εr) and ZP 
T, 
o
C εr (H2O) ε (x 10
-10





25 78.4 6.95 43.0 1.10 
35 74.6 6.64 40.4 0.973 
45 71.3 6.33 36.2 0.820 
55 68.2 6.03 36.1 0.784 
65 65.1 5.74 -5.68 -0.111 
 
3.3.4 Concentration Dependent Surface Charge Modifications 
Most of the applications, including the biomedical ones, utilize the CNPs in nanomolar to 
micromolar concentrations.
11
 The cell-CNP and protein-CNP interactions depend mainly 
on their surface charges. Hence, it is important to understand ZP behavior of CNPs at 
these concentrations. For this purpose, ZP of CNP solutions were tested at 1 mM, 100 
μM and 10 μM concentrations. Figure 3.6 shows ZPs of CNPs with respect to CNP 
concentrations measured at 25 
o
C. CNPs exhibited a ZP of +43.0, +6.70, -24.1 mV at 1 
mM, 100 μM and 10 μM concentrations, respectively. A gradual shift in the ZP from 
positive to negative values was observed with decrease in molar concentration of the 
CNPs. Concentration dependent ZP variation was observed only below 1 mM 
concentration of CNPs and the ZP remained at +43.0 mV for all concentrations above 
1mM. At 100 and 10 μM, the decrease in magnitude of positive ZP and its shift towards 
negative values indicates that the CNPs have a more pronounced tendency to associate 
with OH
-
 ions at lower concentrations. When CNPs are diluted to micromolar 




 ions could 




ions and may effectively reduce the magnitude of positive charge on CNP surface (Figure 
3.6). Since many of the drug/gene delivering ligands such as transferrin
5
 and folic acid
44
 
exhibit negative ZP at physiological pH, the concentration dependent ZP changes 
indicates that it is essential to treat freshly prepared positively charged CNPs with ligand 
molecules at concentration above 1 mM for achieving better CNP-ligand conjugation and 
then dilute the resultant solution to the concentration of interest. Treating CNPs with 
ligand molecules directly at micromolar and nanomolar concentrations may lead to poor 
ligand adsorption due to the columbic repulsion between the ligands and negatively 
charged CNPs.  
 
Figure 3.6: ZPs of fresh CNPs measured at 25 
o
C at different CNP concentrations. ZP of 
CNPs shifts from positive to negative with decrease in CNP concentration. 
3.3.5 Role of Oxygen Vacancy Defects on the Surface Charge Tunability 
The CNPs attracted great interest recently for various catalytic applications due to their 
ability to easily absorb and release oxygen. This oxygen storage capacity is a result of the 
oxygen vacancy formation in the CeO2 lattice.
45
 In the earlier sections, we have discussed 
the role of external material parameters such as aging time, solution temperature and 
solution concentration on the ZPs of CNPs. To determine the effect of intrinsic material 
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C and 900 
o
C) in air atmosphere for 2 hour to decrease the 
oxygen vacancy concentration. Annealing CNPs at high temperature in the air is expected 
to result in faster oxygen diffusion and subsequent annihilation of oxygen vacancies.
46
 
Following this annealing, the ZPs of CNPs (1 mM) were measured and the results are 
presented in Figure 3.7a. The CNPs annealed at 500 
o
C exhibit a low positive ZP value of 
+1.65 mV as compared to those annealed at 100 
o
C (+43.0 mV). The CNPs annealed at 
900 
o
C exhibit a high negative ZP of -20.6 mV. Compared to CNPs, cerium oxide 
microparticles (micron ceria) of size ~1-2 μm exhibit the highest negative ZP value of -
29.0 mV. The gradual shift in ZP from positive to negative values of annealed CNPs and 
micron ceria can be correlated with the temperature dependent annealing of oxygen 
vacancy defects in cerium oxide. The lower concentration of oxygen vacancies in 
annealed CNPs would result in a reduced production of H3O
+
 as the rate of H2O 
dissociation decreases. This reduces the rate of proton adsorption by CNPs and increases 
the rate of adsorption of more favorable OH
-
 ions, resulting in a gradual increase in the 
magnitude of negative ZP with the annealing temperature.  
The ZP variations observed with CNPs annealed at different temperatures indicate that 
oxygen vacancies could play a major role in tuning the ZP of CNPs. It is well known that 
by addition of trivalent dopants, the concentration of oxygen vacancy in CNPs can be 
tuned to a great extent.
45
 Depending on the size of these dopant cations, the oxygen 
vacancy concentration can be either increased or decreased. To understand the effect of 




 ions are substituted by large rare earth trivalent ions such as Y
3+
, the oxygen 




. The formation of 







           (3.10) 
where Vo
’’





 oxygen vacancies and doping with larger ion such as Y
3+
 can leads to an 
increase in the lattice parameter (0.0552% increase with 20% doping) and thus to an 
increase in the oxygen vacancy concentration (1.77% increase with 20% doping) whereas 
a decrease in lattice parameter (0.223% decrease with 20% doping) and oxygen vacancy 
concentration (7.97% decrease with 20% doping) was observed while doping with 




 The doped CNP solution was then heated at different 
temperatures and their ZP variations with temperature were monitored (Figure 3.7b). 
Similar to the undoped CNPs, the magnitude of positive ZP of doped CNPs decreases 
with increase in temperature, and at 65 
o
C, the doped CNPs exhibits a negative ZP. At the 
temperatures below 50 
o
C, 20% yttrium doped CNPs (Y-CNPs) exhibits the highest 
positive ZP while 20% ytterbium doped CNPs (Yb-CNPs) exhibits the lowest ZP as 
compared to that of pure CNPs (Pure-CNPs). The magnitude of ZP decreased in the same 
order, Y-CNPs>Pure-CNPs>Yb-CNPs. This observation can be correlated with the 
oxygen vacancy defect concentration in these CNPs, which decrease in the same order Y-
CNPs>Pure-CNPs>Yb-CNPs.
47
 The results directly indicate that CNPs with more 
oxygen vacancies engage in the dissociation of H2O and undergo higher proton 
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adsorption. Inconsistent trends in the data at 55 and 65 
o
C could be due to the difference 
in the reaction kinetics of pure and doped CNPs at that temperature range.  
 
Figure 3.7: (a) ZPs of annealed CNPs and micron ceria and (b) ZPs of doped CNPs 
measured at different temperatures. ZP of doped CNPs changed from positive to negative 
with increase in measurement temperature. 100 
o
C annealed CNPs displayed positive ZP 
while high temperature annealed CNPs displayed negative ZP. Micron sized cerium 
oxide particles showed the highest negative ZP among all the samples. (c) Binding 
energy plot of H
+
 ion with CNPs as a function of number of H
+
 ions on the CNP surface. 
Plotted results correspond to perfect octahedral Ce19O32 CNP (open circles) and CNP 
with one surface oxygen vacancy Ce19O31 (filled circles). (d) Binding energy plot of H
+
 
ion with pure CNP (Ce19O32) and yttrium doped CNP (Ce15Y4O30) as a function of the 
number of H
+
 ions on the CNP surface. The BE decreased in the order, Y-CNP>Pure-
CNP similar to the amount of oxygen vacancy concentration in these samples. 
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3.3.6 Oxygen Vacancy Modulated Nanoceria-Proton Interactions 
To better understand the role of oxygen vacancies in determining the ZP of CNPs, DFT 
simulations were carried out by considering different levels of protonation varying from 
one to six H
+
 ions on the surface of CNP. Figure 3.7c shows the BE profile of H
+
 ions 
interacting with CNP as a function of H
+
 ion added. The effective BE decreases with 
increase in the number of H
+
 ions attached to the CNP surface, and additional protonation 
becomes thermodynamically unfavorable after the BE value passes through zero. After 
the oxygen vacancies are introduced into the CNP, the proton binding energy also 
decreases; whereas, the zero BE value is reached after addition of four protons (vs. two 
for CNP without the vacancy). These data indicate that CNPs with higher concentration 
of the oxygen vacancies will associate with more H
+
 ions and will have high positive ZP 
values. Similar trend is observed for Y-CNP. As one can see from Figure 3.7d, Y-CNP 
exhibits higher binding affinity towards H
+
 ions as indicated by their high BE values, and 
is capable to attach as many protons as CNP with one vacancy. These computational 
results explain why the pure CNPs display higher positive ZPs as compared to the 
annealed CNPs and the doped CNPs display higher positive ZPs as compared to pure 
CNPs. 
3.3.7 Physicochemical Implications in Chemical Mechanical Planarization (CMP) 
Slurry 
Cerium oxide based slurries have been used for glass polishing for several years.
12
 
Recently the use of ceria slurries has been extended to chemical mechanical polishing 
(CMP) processes
48
 in the microelectronics industry such as those involving the 
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fabrication of integrated circuit (IC) photomasks
49
, glasses for the liquid crystalline 
displays (LCD)
50
 and interlayer dielectrics (ILDs).
51
 The interaction of abrasive particle 
with the polishing surface has been a major focus of study in CMP.
52, 53
 Since the 
polishing process occurs in an aqueous environment (pH 7-10)
52
, pH dependent charge 
modifications can occur on both ceria and silica glass surfaces. The literature reported 
value of PZC of silica is about 1.5-2.8.
54
 Hence, silica exhibits a high negative ZP at pH 
≥ 7.
52
 It is reported that the removal of material from the surface of silica glass during 
CMP polishing process is attributed to a temporary attachment of CNPs to the silica glass 
surface through surface chemical bonds.
52
  
The surface charges of CNPs can influence the ceria-silica interaction and play a major 
role in the polishing process. In pH 7-10 range, CNPs can exhibit positive, neutral or 
negative surface charge depending on the nature of NPs used for polishing. Our 
experimental observations display that freshly prepared CNPs (PZC ~10) exhibit positive 
ZP values of +37.8, +22.7, and +5.68 mV, respectively when treated with pH 7-9 buffers 
and 0.00 mV when treated with pH 10 buffer. However, within 40-220 days of aging in 
water, the ZP of these CNPs switched to the negative ZP values of -30.7, -28.9, -36.0, 
and -32.0 mV respectively. These negative charged CNPs could experience a strong 
repulsion from the negatively charged silica and could adversely affect the atomic scale 
polishing process. Hence, it is necessary to use freshly prepared CNPs rather than aged 
CNPs for CMP process.  
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Figure 3.8: Force-distance spectroscopy of 600 nm silica bead interacting with (a) 
Freshly prepared (+43.0 mV ZP) CNPs, (b) Aged (-23.0 mV ZP) CNPs, The 
corresponding force histograms are shown in (c) and (d). Force histograms are obtained 
by conducting multiple SMFS measurements on each sample. The total number of force 
values analyzed are n=130 in each case. 
 
Figure 3.8a-d shows the F-D spectroscopy data of a silica bead of size 600 nm interacting 
with freshly prepared (+43.0 mV ZP) and aged (-23.0 mV ZP) CNPs in water (negative 
charges on CNPs are obtained by natural aging process and not by any basic buffer 
treatment). It is clear that the adhesion force of silica bead with freshly prepared CNPs is 
much higher compared to aged CNPs. The force distribution shows that the peak 
interaction force between the silica bead and freshly prepared CNPs is in the range of 
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400-500 nN (with a maximum at 600 nN), while for aged CNPs, the peak interaction 
force is observed mostly between 0-20 nN (with a maximum at 140 nN). F-D 
spectroscopy data reveals that it is important to use freshly prepared CNPs for CMP 
slurry to achieve a better adhesion of the ceria abrasive particles with silica surface. The 
experimental observations from the CNP aging process indicate that the NPs could 
undergo charge reversal with time and temperature during CMP process especially in 
basic pH conditions. Hence, it is important to start with freshly prepared slurry of 
positively charged CNPs for CMP process. It is also essential to monitor the changes in 
the ZP to determine the shelf life of the slurry depending upon the storage time and 
especially operational temperatures. 
3.3.8 Biomedical Implications in Targeted Drug Delivery: Transferrin-Nanoceria 
Interactions 
Ligand-receptor mediated drug delivery and imaging systems have been a major focus of 
study in nanomedicine.
55, 56
 NPs conjugated with cellular targeting proteins
5, 57, 58
 (mostly 
anionic) and polymer transfection agents
59, 60
 (mostly cationic) are a topic of active 
biomedical research. This conjugation relies predominantly on the high surface area and 
surface charge of the NPs, leading to the columbic attachment.
5, 11
 Under physiological 
pH conditions, the ligands may exhibit positive or negative charges with respect to their 
PZC. Hence, depending on the nature of ligand molecules, NPs engineered with 
appropriate surface charges are often chosen to achieve better NP-ligand binding.
11
  
Tf is a protein used in biological systems for the transportation and supply of iron to the 
growing cells. It has been used as a targeting ligand to deliver a wide range of therapeutic 
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agents including NPs to cells that overexpress transferrin receptor (TfRs)
5, 57, 61-64
 In order 
to demonstrate the influence of ZP changes with aging time on Tf-CNP interactions, 
SMFS measurements were conducted on both freshly prepared and 220 days aged CNPs 
using Tf coated AFM probes.  
 
Figure 3.9: Single Molecule Force Spectroscopy of Tf protein interacting with (a) 
Freshly prepared (+43.0 mV ZP) CNPs and (b) Aged (-23.0 mV ZP) CNPs. Freshly 
prepared CNPs exhibits higher binding affinity with Tf compared to aged CNPs. (c) 
Schematic diagram of transferrin conjugated AFM tip. 
 
Figure 3.9a, b shows the force spectroscopy of Tf coated AFM probe (Figure 3.9c) 
interacting with freshly prepared (+43.0 mV ZP) and aged (-23.0 mV ZP) CNPs. It is 
clear from the figure that the Tf interacts strongly with freshly prepared CNPs while it 
experienced much less and mostly negligible interaction with aged CNPs. The unbinding 
forces obtained here in both the cases are similar to that observed in our earlier studies of 
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Tf interaction with acidic/basic buffer treated surface charge tuned positive (+36.0 mV) 
and negative (-35.0 mV) CNPs (discussed in forth chapter).
5
 Our experiments shows that 
Tf experienced a strong unbinding force of 100-400 pN with freshly prepared CNPs 
while it experienced an unbinding force of much less magnitude (0-75 pN) with aged 
CNPs. These observations suggests that it is essential to use freshly prepared positively 
charged CNPs for achieving better Tf-CNP conjugation to ensure a strong electrostatic 
attraction. CNPs dispersed in water can undergo charge reversal with time and their 
ability to form bonds with Tf can deteriorate due to the strong columbic repulsion 
between the negatively charged CNPs and the negatively charged Tf. 
3.4 Summary  
Surface charges on the NPs have implications not only on the dispersibility but also on 
many potential applications. The present experimental results along with theoretical 
calculations presented here demonstrate that CNPs, when dispersed in water, exhibit 
positive ZP due to a kinetically driven proton adsorption process. However, the initial 
positive ZP of CNPs is highly unstable and prolonged exposure to water and/or 
increasing the solution temperature and/or lowering the CNP concentration, the CNPs 
undergo a ZP switch from positive to negative values by adsorbing OH
-
 ions on the NP 
surface, resulting in thermodynamically stable state. Positively charged CNPs exhibit a 
better adhesion interaction with silica beads (chemical mechanical planarization 
applications) and a better ligand conjugation with cellular targeting transferrin protein 
(drug delivery applications), while negatively charged CNPs displayed negligible 
adhesion to both protein and silica beads. The data presented here demonstrate that the 
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surface charges of CNPs play a vital role in their efficient use as a targeted drug delivery 
carrier in biomedical or as an abrasive material in CMP applications. In order to tailor the 
surface properties of colloidal NPs for intended applications, it is essential to understand 
the dynamics of the physicochemical surface reactions occurring on the colloidal NP 
surface. 
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3.6  Supporting Information  
3.6.1 HRTEM Images of CNPs 
 
Figure 3.10: (a,b) HRTEM images of freshly prepared positively charged CNPs. (c,d) 
HRTEM images of aged negatively charged CNPs. It is clear that the CNP size remains 
the same in both the cases. 
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CHAPTER 4: SINGLE MOLECULE PROTEIN INTERACTIONS WITH 
PROTONATED NANOPARTICLES 
4.1 Introduction 
With more than ten million new cases every year, cancer has become one of the most 
dreadful diseases worldwide. Current cancer treatments include surgical intervention, 
radiation therapy, and chemotherapeutic drugs, which often kill healthy cells and cause 
severe side effects.
1
 Site specific delivery of drugs and therapeutics can significantly 
reduce drug toxicity and increase the therapeutic effects.
2
 Recent advances in 
nanomedicine research have shown the capability of using nanoparticles (NPs) to treat 
intractable diseases (viral, genetic, cancerous) as they are the only microscopic objects 
that can gain access to the cells and function as therapeutic agents.
3
 NPs could be used as 
effective therapeutic agents for intracellular imaging, targeting, and in the delivery of 
drugs, genes and vaccines.
1, 4-6
 Cellular targeting is often achieved by bioconjugation of 
polymeric (drug carriers), metallic, or oxide NPs with ligand proteins that can bind to the 
overexpressed receptors on the target cells.
1, 7
 NP-protein conjugation is often influenced 
by the surface potential differences, and understanding their specific interactions leading 
to their cellular uptake is crucial for targeted drug delivery.
8
  
CNPs have been shown to be biocompatible, nontoxic and have excellent antioxidant 
properties in the prevention of reactive oxygen species (ROS) mediated cell damage in 
animals.
9
 CNPs have been found to prevent healthy cell damage during radiation 
therapy
10
 and provide neuroprotection to spinal cord neurons
11
 by acting as an 
antioxidant. Due to their smaller particle size, non-toxic nature and excellent 
biocompatibility, CNPs have the potential to be used as drug carrier and delivery agents.  
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Ligand-receptor mediated drug delivery and imaging systems have attracted primary 
focus in nanomedicine.
12, 13
 Transferrin (Tf) is a cellular targeting ligand protein 
(Supporting Information Figure 4.6) used for transportation and supply of iron to growing 
cells in the body. The iron uptake process involves binding of iron carrying Tf to the Tf 
receptors (TfRs) expressed on the cells followed by their internalization via receptor 
mediated endocytosis.
14
 With a motivation to develop a potential targeted drug delivery 
system, we have chosen CNPs as our model NP system and holo-Tf (Tf carrying two iron 
ions) as the cellular targeting agent.
15
 Many studies have been carried out using Tf as a 
targeting ligand to deliver a wide range of therapeutic agents including nanoparticles into 
malignant sites that overexpress TfRs.
15-19
 Since surface potential differences play a 
major role in NP-protein adhesion,
8
 Tf could be attached to CNPs through electrostatic 
adsorption. During the transportation as well as cellular internalization process, changes 
in the local environmental pH could influence the surface charges and affect the NP-
protein binding. Hence, a molecular level understanding of NP-protein binding is 
essential to develop effective cellular targets. No detailed studies have been reported so 
far on the molecular level interaction forces and adhesion behavior of Tf over 
nanoparticle surface.  
Atomic force microscopy (AFM) based single molecule force spectroscopy (SMFS)
20-23
 
have proven to be the most versatile technique that induce molecular level interactions on 
surfaces using functionalized probes and monitor them in real time at sub-nanometer 
resolution. Here we have used SMFS technique to probe the interaction forces between 
Tf and CNPs with varying zeta potentials (ZPs), and an extensive study on the 
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importance of Tf adhesion on nanoparticle surface for preferential cellular uptake is 
presented. Density functional theory (DFT) along with DFT+U technique is used to 
calculate the binding energy between the protein and the NP responsible for preferential 
cellular uptake. Both high resolution transmission electron microscopy (HRTEM) and 
inductively coupled plasma mass spectrometry (ICP-MS) measurements were performed 
on human lung adenocarcinoma epithelial cells and human embryo lung fibroblast cells 
to analyze and quantify the cellular internalization of transferrin conjugated CNPs 
(Tf:CNPs) and bare CNPs.  
4.2 Results and Discussion 
4.2.1 Cerium Oxide Nanoparticles  
HRTEM image of base precipitated CNPs (mean size of 8.2 ± 1 nm) and AFM image of 
the same CNPs coated on a silicon substrate are shown in Figure 4.1a, and b, 
respectively. X-ray diffraction (XRD) pattern of CNPs shows a fluorite structure with 
dominant (111) planes (Figure 2.1c). CNPs in water showed a positive ZP of 
+39.6±0.631 mV in the synthesized condition, while Tf dissolved in deionized water 
exhibited a negative ZP of -19.9 ± 0.9 mV. In order to study the electrostatic interaction 
of CNPs with negatively charged Tf, CNPs with different surface charges were prepared 
by treating them with acidic and basic pH buffers.
8
 CNPs treated with pH buffers 5, 8 and 
14 showing a ZP values of +36.4±0.7, +5.9±1.2, and -35.1±0.9 mV, respectively, were 
used for SMFS studies (Figure 2.1d). 
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Figure 4.1: Particle size, crystal structure and surface potentials of CNPs. (a) HRTEM 
(b) AFM image and (c) XRD spectrum of fluorite structured CNPs; (d) ZP plot of CNPs 
treated with different pH buffers. AFM and HRTEM images show that the CNP particle 
size is between 7-10 nm. XRD pattern and HRTEM images shows the presence of 
dominant (1 1 1) planes of cerium oxide fluorite structure. Positively charged CNPs were 
obtained by acidic buffer treatment (more H
+
 ions on surface) while basic buffer 
treatment (more OH
-
 ions on surface) resulted in negatively charged CNPs. The 
isoelectric point (pl) is observed at 8.5. Each sample was analyzed 30 times (n=30) and 
the average values of ZP with standard deviation (mean±sd) are plotted here. 
 
4.2.2 Single Molecule Interaction of Transferrin with Cerium Oxide Nanoparticles  
SMFS measurements were carried out using a Tf conjugated AFM tip (Figure 4.2a-c) on 
CNPs (with zeta potentials of +36.4±0.7, +5.9±1.2, and -35.1±0.9 mV) coated on silicon 
substrate. To understand the interaction mode and conformational changes of Tf, SMFS 
measurements were also conducted on an atomically smooth silicon substrate in aqueous 
medium (Supporting Information Figure 4.7). Figure 4.2d-f shows the force-extension 
profile of Tf coated AFM tip interaction with CNPs of varying surface potentials. The 
corresponding unbinding force and unbinding length histograms of rupture events are 
also shown in Figure 4.2g-l. These results indicate that the adhesion between Tf and 
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CNPs decreases on tuning CNP surface charges from positive to negative ZP values, with 
a maximum for +36.4±0.7 mV ZP. The force spectrum corresponding to CNPs of 
+36.4±0.7 mV ZP (Figure 4.2d), shows multiple interaction events due to the unbinding 
of proteins from the CNP sample at three different sites (strong interaction between Tf 
and CNPs could result in the adhesion of multiple proteins from the AFM tip at different 
sites on the sample). The highest unbinding force is observed at the first dip where the 
magnitude of pull-off force is ~2.835 nN. As the ZP is directly related to the particle 
surface potential, a strong attraction is observed between the Tf and positive CNPs due to 
their high surface charge difference. To confirm that the observed changes in the force 
signals were indeed originated from the single molecule rupture events, the force 
extension profiles were fitted using entropic elasticity models, which predict the 
relationship between the applied force and the stretching of a polymer molecule.
24
 The 
elastic properties of these stretching events can be described by the worm-like chain 
(WLC) model.
23, 25
 According to this model, the force needed to stretch a linear polymer 
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  (4.1) 
where Kb is the Boltzmann constant, T is the absolute temperature of the medium, b is the 
persistence length (length of a stiff segment of the protein chain), L is the contour length 
(length of the completely stretched chain) and x is the distance between the attachment 
points of the protein (extension or end-to-end distance between the tip and sample). The 
stiffest element in a peptide chain is the single amino acid unit and it has a length of 
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~0.38 nm which corresponds to the persistence length b in the WLC model.
26
 WLC fit 
yielded values of b = (0.024±0.003) nm and L = (423.2±5.7) nm for the first interaction 
event (Figure 4.2d). Such a low persistence length (~0.024nm) is unphysical (one order 
less than the values typically quoted for pulling of single proteins
25
) and the contour 
length is also higher than the maximum possible length (~257 nm) of a fully extended 
single Tf. This could be due to the simultaneous unfolding of multiple interacting 
proteins attached to the tip
27
 (since the Tf backbone is folded into multiple helical groups, 
pulling Tf itself involves stretching of many interacting protein chains). The second and 
third unbinding force dips correspond to a magnitude of ~748 pN and ~499 pN, 
respectively. These additional dips in the force-extension spectrum reveal multiple 
protein interactions with the NP surface. For these interactions, we used a persistence 
length value of 0.5 nm and the WLC model yielded a counter length value of 203.1±3.1 
nm and 83.5±6.7 nm for the second and third dip, respectively. These contour lengths 
were smaller than an estimated fully extended length of Tf (polypeptide chain of 678 
amino acids corresponds to ~257 nm in length). Hence the second dip could be as a result 
of single molecule stretching of peptide chain involving unfolding of both the domains 
(N-lobe and C-lobe) and the third dip could be likely due to the unfolding of part of 
another peptide chain (most likely just one of the two domains of the protein is involved 
in stretching). This kind of multiple protein-stretching event happens due to the strong 
interaction of Tf with high positive CNPs and most of the SMFS measurements carried 
out on these samples showed similar multiple stretching events. According to the 
unbinding force histogram analysis shown in Figure 4.2g, the majority of rupture force 
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events observed are between 150 to 225 pN with a maximum force at ~9.0 nN. Even 
though they had a wide spectrum of force range, events with a force of magnitude higher 
than 1.5 nN were mostly non-repeating single events. Similarly majority of protein 
unbinding lengths fall between 25 to 50 nm (Figure 4.2h). Figure 4.2e shows the Tf 
interaction spectrum with CNPs having moderate ZP (+5.9±1.2 mV). The force-extension 
spectrum shows two successive single molecule interaction events and the corresponding 
unbinding forces are ~318 pN and ~596 pN, respectively. WLC fit with a persistence 
length of 0.5 nm yielded contour lengths of 215.4±2.5 nm and 130.9±2.0 nm. The lower 
unbinding force observed is due to the weak interaction between Tf and CNPs with lower 
positive surface potentials. Unbinding force histogram analysis shows that the maximum 
number of rupture force events is observed between 75 to 150 pN with a maximum force 
at ~1.1 nN (Figure 4.2i), and the maximum number of protein unbinding lengths falls 
between 0 to 25 nm (Figure 4.2j). Similarly, Figure 4.2f shows the force spectrum of Tf 
interacting with high negative ZP (-35.1±0.9 mV) CNPs, and the unbinding force 
observed is ~349 pN. WLC fit with persistence length of 0.5 nm yielded a contour length 
of 251.2±3.7 nm. Repeated SMFS measurements on these samples yielded a force of 
interaction much lower than 349 pN and within the range of 0 to 125 pN (mostly a flat 
force spectrum at 0 nN was obtained due to the absence of interaction events). Unbinding 
force histogram analysis showed almost negligible interaction force events with a 
maximum unbinding force at ~900 pN (Figure 4.2k). Here above 50 pN, most of the 
events were non-repeating single events and the unbinding length histogram exhibited a 
peak close to zero nm due to higher number of negligible interaction events (Figure 4.2l). 
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The lower unbinding force and length observed is due to the strong repulsion between Tf 
and negatively charged CNPs. Characteristic domain unfolding of Tf was observed in 
some of the force extension profiles (Supporting Information Figure 4.8) and were very 
similar to the domain unfolding usually seen in SMFS of other proteins.
25
 SMFS studies 
conducted on NP samples revealed a strong binding affinity of Tf to protonated CNP 
surface. To understand the nature and type of Tf bonding over CNP surface, theoretical 
simulation studies have been carried out. 
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Figure 4.2: Schematic diagram of AFM probe functionalized with Tf interacting with 
positively charged CNPs, the force-extension spectrum and the force, length histograms 
obtained on CNPs with different ZPs. For protein-CNP interaction studies, (a) 
succinimide functionalized AFM tip was bioconjugated with Tf to form (b) Tf terminated 
AFM probe. (c) Interaction of Tf terminated AFM tip with protonated CNPs. Force-
extension plots of Tf interacting with CNPs of ZP (d) +36.4±0.7 mV; (e) +5.9±1.2 mV; 
and (f) -35.1±0.9 mV. The corresponding force (g, i, and k) and length histograms (h, j, 
and l) are also shown. Force and length histograms were obtained by conducting multiple 
SMFS measurements on each sample. The total number of force and length values 
analyzed were n=273 (g and h), 206 (i and j) and 210 (k and l). 
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4.2.3 DFT Simulation of Protein Interaction with Protonated Cerium Oxide 
Nanoparticles 
Under physiological pH conditions, Tf exhibits higher number of negatively charged sites 
on its surface. These sites contain carboxylate ions in the form of aspartate (Asp) and 
glutamate (Glu) amino acid residues 
28
 that can interact with protonated CNPs to form 
hydrogen bonds with the NP surface. Both these residues are terminated with carboxyl 
ions at each end. DFT simulation studies were conducted to understand the nature of 
bonding between the carboxyl ion of the protein and the protonated CNPs. For simplicity, 
we modeled the NP-protein interaction by considering one glycinate ion (the simplest 
amino acid structure with one carboxyl ion) interacting with one CNP. Figure 4.3a shows 
the atomic structural model of protonated CNP interacting with the carboxyl ion of the 
glycinate. This octahedral CNP was derived from a bulk fluorite lattice that exposes the 
most stable (111) facets. To simulate the surface properties of CNPs with respect to their 
surface charge conditions, different levels of protonation varying from one to three H
+
 
ions on the surface of CNP were considered. This is achieved by terminating up to three 
neighboring oxygen atoms on the same NP facet with one H
+
 ion each. Relaxed 
configuration of triple protonated CNP interacting with the carboxyl ion of the glycinate 
is shown in Figure 4.3a. All of the H
+
 ions interacted strongly with the NP and formed 
strong hydrogen bonds (more covalent in nature) with its surface oxygen atoms. The 
length of the O-H bond obtained here is 0.991 Å. The projection of electron localization 
function (ELF)
29
 on different planes (Figure 4.3b,c) passing through oxygen atoms of the 
protonated CNP and the glycinate ion reveals the formation of weak hydrogen bonds 
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(more ionic in nature) between one of the carboxyl oxygen atoms and multiple protons on 
the CNP surface (Figure 4.3b). Here, the equilibrium O-H distance obtained is 1.87 Å. 
Meanwhile, the second oxygen atom of the carboxyl ion, which is in an equilibrium 
position with respect to one of the NP surface protons, formed a strong hydrogen bond 
with that proton (Figure 4.3c). This hydrogen bonding forms the basis for strong 
interaction of proteins with CNPs. Here, the equilibrium O-H distance obtained is 1.36 Å. 
Figure 4.3d shows the energy profiles of protonated CNP interacting with the carboxyl 
ion of the glycinate as a function of the number of protons on the NP surface. The blue 
curve represents the total ground state energies of CNPs interacting with the carboxyl ion 
of the glycinate, while the red curve represents the sum of their individual energies when 
they are separated by infinite distance (no interaction with each other). Both the curves 
show a decrease in the ground state energies with the addition of protons on CNP 
surfaces. However, the ground state energies of the carboxyl ion of the glycinate 
interacting with doubly and triply protonated CNP are not much different. This is due to 
the bending of bonds as a result of relaxation of weak hydrogen bond forming oxygen 
atoms to their equilibrium positions (total energy increases as the bond angles are bent 
from their normal configuration). The decrease in ground state energies with increase in 
numbers of protons on NP surfaces showed that the triply protonated CNP‟s surface is at 
a more favorable energy state for carboxyl ion interaction than the singly protonated 
CNP‟s surface. The total energies of CNP glycinate complex at binding configuration and 
at a large separation are represented by the red and the blue curves in Figure 4.3d. The 
difference of these total energies amounts to the binding energy between the protonated 
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CNP and the carboxyl ion of the glycinate and is represented by cyan curve as shown in 
Figure 4.3d. The binding energy values displayed a tendency to increase with an increase 
in the number of protons on the NP surface. The binding energies between the carboxyl 
ion of a glycinate and a CNP covered by 1 to 3 protons are 2.81 eV, 4.03 eV and 4.19 eV, 
respectively. Hence, it is clear that adding more protons to the CNP surface could 
enhance the NP-protein binding. Both SMFS and DFT simulation studies conducted on 
CNPs revealed that Tf forms strong hydrogen bonds with a protonated CNP surface. The 
ligand-receptor mediated internalization of CNPs depends on the stability of Tf adhesion 
on CNP surface in a physiological environment. To test the stability of Tf coating over 
protonated CNP surface and its cellular uptake efficiency, Tf:CNPs were incubated with 




Figure 4.3: Atomic structural model and energy profile of carboxyl ion of a glycinate 
interacting with a CNP. (a) Side view of the relaxed configuration of a negatively 
charged glycinate ion on a triply protonated facet of CNP. (b, c) Representation of the 
projection of electron localization function (ELF) on different planes passing through 
oxygen atoms of a protonated CNP and a glycinate ion, revealing the formation of weak 
and strong hydrogen bonds between them. (d) Representation of ground state energy 
profile. Blue curve represents the ground state energy levels of a protonated CNP 
interacting with the carboxyl ion of a glycinate and the red curve represents the sum of 
the ground state energies of a protonated CNP and a glycinate ion located at infinite 
distance. The binding energy (cyan curve) between the protonated CNP and carboxyl ion 
of the glycinate was evaluated as the difference between the red and blue energy curves. 
ELF plots also reveal that all the protons formed strong hydrogen bonds with oxygen 
atoms of cerium oxide. Color code blue (ELF=0) and red (ELF=1.0) represents full 
absence and full presence of electron pair in actual point of space. 
 
4.2.4 Transferrin Adsorption and Cellular Uptake of Cerium Oxide Nanoparticles 
CNPs with a high positive ZP of +39.6±0.631 mV were used for protein adsorption and 
cellular uptake studies. Due to a strong electrostatic attraction, Tf was strongly bonded to 
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CNPs (the higher the surface charges of NPs, the higher the protein adsorption). The ZP 
obtained on CNPs after Tf coating was +24.0±2.1 mV (ZP differences between CNPs and 
Tf:CNPs indicate the presence of Tf on CNPs). The protein adsorption on CNPs was 
confirmed by conducting FT-IR (Supporting Information Figure 4.9) and XPS 
(Supporting Information Figure 4.10) analyses on Tf:CNPs. The amount of Tf adsorption 
on CNPs was quantified by conducting UV absorbance spectroscopy measurements at 
280 nm wavelength (Supporting Information Figure 4.11) on Tf:CNP solutions. Tf:CNPs 
showed a protein adsorption of approximately 500 mg/g of CNPs. 
Cellular uptake of NPs involves a two-step process. The first step is the binding of NPs to 
the cell membrane and the second is cellular internalization.
30
 After the adsorption of the 
NPs on the cell membrane, the uptake occurs via several possible mechanisms: 
pinocytosis, receptor-mediated endocytosis, or phagocytosis.
31
 Since cancer cells have a 
higher growth rate, they over-express TfRs on their surface and will absorb iron at a 
higher rate. Hence, NPs linked with Tf would be taken up efficiently. To understand the 
mechanism of CNP uptake in cancer and healthy cells, we have chosen A549 and WI-38 
cells, respectively, as model cell systems. The cells were incubated with varying 
concentrations (from 100 nM to 100 μM) of Tf:CNPs and bare CNPs. Figures 4a, b show 
the percent of CNP cellular uptake by A549 and WI-38 cells obtained from ICP-MS 
measurements (ICP-MS measurements were made after diluting the NPs incubated cell 
samples to ppb level concentrations and the % uptake are reported with respect to the 
molar concentrations at which the cells were incubated). A549 cells incubated with 100 
nM concentration of CNPs, exhibited an enhanced uptake (~9.7 ng/mL) of Tf:CNPs 
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compared to bare CNPs (~5.2 ng/mL). However, at 1 μM concentration, A549 cells 
exhibited a reduced uptake (~51.8 ng/mL) of Tf:CNPs than that of bare CNPs (~61.1 
ng/mL). Both 10 μM and 100 μM CNP incubated cells showed a higher uptake (~0.9 
μg/mL and ~11.3 μg/mL, respectively) of Tf:CNPs and a lower uptake (~0.7 μg/mL and 
~6.8 μg/mL, respectively) of bare CNPs similar to cells incubated with 100 nM 
concentrations of CNPs. Among all the concentrations, A549 cells incubated with 
concentrations of 100 nM, 10 μM, and 100 μM exhibited preferential uptake of Tf:CNPs 
compared to bare CNPs (Figure 4.4a). An enhanced uptake of Tf:CNPs by A549 cells 
indicates that the uptake in cancer cells is most likely by receptor-mediated endocytosis.
32
 
Figure 4.4c shows the proposed model of TfR mediated endocytosis of CNPs by A549 
cancer cells. The first step is the binding of holo-Tf carrying CNPs to the TfRs on the cell 
membrane (SMFS studies reported earlier have shown an unbinding force of ~56 pN and 
an unbinding length of ~44 nm between holo-Tf coated tip and and TfR functionalized 
mica substrate at pH 7.4
33
). The complex is then taken up inside the cell and transferred 
to the endosomal compartment where it is acidified (pH changes from ~7.4 to ~5.5). At a 
pH close to 5.4 (pl of Tf), Tf becomes neutrally charged and triggers the release of CNPs 
and iron as there is no more interaction with Tf. Recent studies have shown that Tf 
conjugated quantum dots (Tf:Qdots), after internalization through receptor mediated 
endocytosis remained in the endocytic structures and were not efficiently exocytosed.
32
 
This could be due to the strong interaction of Tf with the quantum dots. Similar to 
Tf:Qdots, Tf:CNPs can also get trapped inside the endocytic structures. To understand the 
exocytosis mechanism of Tf:CNPs, a detailed investigation has to be carried out. Due to 
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their high growth rate, cancer cells need more iron and thus will eventually internalize 
more iron carrying Tf:CNPs. The highest percent uptake (~66%, corresponds to ~11.3 
μg/mL) of Tf:CNPs was seen in cells incubated with 100 μM concentration of CNPs 
(Figure 4.4a). A549 cells incubated with a concentration of 100nM exhibited the highest 
difference in uptake (~87%, from ~5.2 ng/mL to ~9.7 ng/mL) upon coating with Tf. 
Figure 4.4d shows the TEM images of A549 cells incubated with a concentration of 100 
nM of Tf:CNPs. The core-shell like particles seen in TEM images, indicate the presence 
of a thin layer of Tf coating on CNPs. Large core size (~500nm) indicates the formation 
of NP agglomerates during the uptake process. Although the percentage of uptake was 
lower compared to Tf:CNPs, A549 cells showed considerable uptake of bare CNPs 
(Figure 4.4a). In the case of bare CNPs, the initial binding process can be visualized as a 
strong attraction between the positively charged CNPs and the negatively charged cell, 
facilitating their adsorption on the cell membrane and subsequent internalization via a 
nonspecific phagocytosis or pinocytosis processes.
8
 The relatively lower uptake of bare 
CNPs by A549 cells is also evident from the lack of particles seen in the TEM images of 
cells incubated with a concentration of 100nM of bare CNPs (Supporting Information 
Figure 4.12a).  
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Figure 4.4: Cellular uptake of CNPs. (a, b) Cellular uptake of the CNPs by A549 cancer 
cells and WI-38 healthy cells at different concentrations of CNPs. (c) The cycle of TfR 
mediated cellular uptake of Tf:CNPs. (d, e) TEM images of A549 cancer cells incubated 
with Tf:CNPs and WI-38 healthy cells incubated with bare CNPs. (a) A549 Cells treated 
with 100 nM, 10 μM and 100 μM concentrations showed preferential cellular uptake of 
Tf:CNPs while (b) WI-38 cells treated with 100 nM, 1 μM, and 10 μM concentrations 
exhibit an increased uptake of bare CNPs. The bar chart is obtained by conducting ICP-
MS analysis on 24 sets of A549 and WI-38 cells. The data is expressed as mean±sd. (c) 
Holo-Tf carrying CNP binds to TfR molecules expressed on the cell surface. After 
endocytosis via clathrin coated pits formed on the plasma membrane, the complex is 
taken up inside the plasma membrane by forming an endocytic vesicle. (d) The core shell 
like particles seen in A549 cells indicates the presence of Tf:CNPs (e) Solid spherical 
particles seen in WI-38 indicate the presence of bare CNPs. Agglomerated CNPs of size 
~500 nm is observed in both the cases. Inset shows the magnified view of particles. 
White doted circles show the position of the CNPs inside the core shell structure. 
 
WI-38 cells incubated with three different concentrations of bare CNPs under similar 
conditions exhibited enhanced uptake compared to Tf:CNPs (Figure 4.4b). Here the 
mechanism of uptake is similar to that seen in the case of bare CNPs in A549 cells. 
Figure 4.4e shows TEM images of WI-38 cells incubated with a concentration of 100 nM 
of bare CNPs. The solid spherical particles seen in TEM images indicate the presence of 
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CNP agglomerates. It is clear from the ICP-MS data (Figure 4.4b) that the Tf:CNPs had a 
reduced uptake in these cells. At 100 nM, 1 μM and 10 μM concentrations, WI-38 cells 
exhibited a lower uptake (~5.5 ng/mL, ~94.4 ng/mL and ~0.9μg/mL, respectively) of 
Tf:CNPs compared to bare CNPs (~12.8 ng/mL, ~122.7 ng/mL and ~1.2 μg/mL, 
respectively). However, 100 μM CNP treated cells showed a higher uptake (~7.2 μg/mL) 
of Tf:CNPs that that of bare CNPs (~4.5 μg/mL). The TEM images of WI-38 cells 
incubated with 100 nM of Tf:CNPs also displayed less numbers of particles inside the 
cells and most of them were trapped near the cell wall (Supporting Information Figure 
4.12b). This indicates that Tf:CNPs interact with the WI-38 cell membrane to a lesser 
extent as compared to bare CNPs. Besides reducing the CNPs effective surface potentials 
(from +39.6±0.631 mV to +24±2.1 mV), Tf coating can also induce steric hindrance 
between Tf and the negatively charged domains present on the cell membrane.
30, 34
 This 
could be the reason for the reduced cellular uptake of Tf:CNPs. WI-38 cells incubated 
with 100 nM of bare CNPs (Figure 4.4b) showed the highest percent of uptake (~75%, 
corresponds to ~12.8 ng/mL) and the uptake was reduced by ~57% (from ~12.8 ng/mL to 
~5.5 ng/mL) upon coating with Tf. 100 μM treated WI-38 cells exhibited reduced uptake 
of bare CNPs as compared Tf:CNPs. At higher concentrations CNPs have a tendency to 
agglomerate,
35
 which could be the reason for the reduced uptake of bare CNPs seen at 
100μM concentration (in the case of Tf:CNPs, larger agglomeration may not take place 
due to the steric hindrance between the Tf coated particles). The cellular uptake studies 
conducted on both A549 and WI-38 cells of Tf:CNPs and bare CNPs have shown that the 
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interaction mechanism of nanoparticles with cells can be tuned by changing the NP 
surface conditions.  
Tuning the surface charges of NPs (for enhanced ligand coverage) is a key requirement to 
achieve efficient cellular targeting and preferential drug delivery to malignant sites in the 
body. The interaction forces acting between NPs and biological systems (proteins and 
cells) at different stages starting from ligand conjugation to cellular uptake plays a major 
role in the transportation and delivery of drugs. Figure 4.5 shows a schematic diagram of 
interaction forces acting at various stages of the Tf:CNP cellular uptake process. The 
specific interaction between a Tf (on NP surface) and a TfR (at cell surface) is fixed 
(unbinding force of ~56 pN and unbinding length of ~44 nm) and cannot be tuned. 
However, through protonation, the interaction between Tf and CNPs can be enhanced 
(unbinding force of ~150 to 225 pN and unbinding length of ~25 to 50 nm for +36.4±0.7 
mV ZP CNPs) to a greater extent. Since Tf loading on a NP surface depends mainly on 
the surface charge difference (electrostatic adhesion), it is possible to add more numbers 
of Tf to a highly positive CNP surface. A higher positive charge and more numbers of Tf 
on the CNP surface will lead to better cell adhesion through a large number of ligand 
receptor mediated interactions (tunable multi-point interaction events, Figure 4.5). Hence, 
tuning the NP surface with more protons can not only improve the adhesion of ligands 
with the NP surface, but it can also enhance the adhesion of a ligand conjugated NP with 
the cell surface thereby enhancing the receptor mediated cellular uptake. Similarly, the 
non-specific interaction can also be tuned by tuning the CNPs surface potentials. 
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Figure 4.5: Schematic diagram of interaction forces acting at different stages of cellular 
uptake. The triangle blocks show the interaction pathways of cellular uptake of CNPs. 
CNPs with strong positive charge show better adsorption of Tf. The interaction between 
Tf and CNPs can be tuned by protonation; however, the interaction of Tf with TfR is 
fixed. CNPs with a strong positive charge lead to enhanced Tf adsorption and multiple 
interactions with the TfRs on the cell surface. Red curved arrow inside the triangle blocks 
indicates the receptor mediated cellular internalization pathway of positively charged 
CNPs and blue curved arrow indicates the non-specific cellular internalization pathway 
of both positively and negatively charged CNPs. The red dashed circle represents the 
domain of multi-point interaction between Tf:CNP and TfRs on cell surface. 
 
4.3 Conclusion 
The experiments presented here not only show that the Tf can be effectively attached to 
the NP surface but also can be used as a targeting ligand in receptor mediated 
internalization of metal oxide NPs. Acidic buffer treatment of CNPs results in highly 
protonated surface and forms stable coating of Tf over CNPs. According to DFT 
simulation studies, the bonding between Tf and CNPs is mostly determined by the nature 
of hydrogen bonds forming between the NP surface protons and the carboxylate ions of 
the protein, and the binding energy between Tf and CNP increases with the number of 
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surface protons present on the NPs. ICP-MS and TEM analysis conducted on both 
healthy and cancer cells incubated with CNPs shows that Tf:CNPs can be preferentially 
internalized by cancer cells. These results revealed the efficiency and physiological 
stability of Tf:CNP in receptor mediated cellular internalization process. They also 
demonstrate that the preferential cellular uptake of NPs can be achieved by binding with 
targeting ligands and it is essential to tune the surface charges of nanoparticles to achieve 
a better NP-ligand binding. Physiochemical modifications of nanoscale surfaces play a 
vital role in designing nanosize drug carriers, which can preferentially target and deliver 
therapeutic drugs to malignant cells. 
4.4 Materials and Methods 
CNPs were synthesized by precipitation technique from cerium nitrate precursors.
36
 The 
particles were treated with acidic or basic pH buffers to induce different surface charges 
(see Supporting Information for more details). 
Succinimide functionalized gold coated silicon nitride cantilevers (purchased from 
Novascan technologies) were treated with Tf solution to obtain Tf conjugated AFM 
probes. SMFM experiments were conducted on CNPs coated silicon surface placed in a 
liquid cell filled with deionized water. The forces of interaction between Tf and CNPs 
were measured by lowering the tip close to the NP surface and retracting it until the NP-
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4.6 Supporting Information  
4.6.1 Transferrin 
Transferrin (Tf) is a glycoprotein with a molecular mass of 76-81 kDa and consists of a 
single polypeptide chain of 679 amino acid residues.
1
 This amino acid chain (Figure 4.6) 
is folded into two homologous globular domains with high affinity binding site for ferric 
ion.
2
 The first domain (contains 1 to 336 amino acid residues) is designated as the N-lobe 
and the second domain (contains 337 to 679 amino acid residues) is designated as the C 
lobe. Both the lobes consist of a mixture of β-sheets connected by α-helix and non-helical 
loops.
3
 Human holo-Transferrin obtained from Sigma-Aldrich Chemical Inc., was used 
for the cellular uptake experiments. 
 
Figure 4.6: The structure and sequence of a human Tf. X-ray crystal structure of the N-
lobe of human Tf.4 The helical groups indicate the α-helix, arrows indicate the β-sheets 
and the thin lines indicate the non-helical groups. 
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4.6.2 Cerium Oxide Nanoparticle Synthesis 
Cerium nitrate hexahydrate (Sigma-Aldrich Chemical Inc.) was used as a precursor for 
synthesizing CNPs.
5
 0.5N ammonium hydroxide solution was added to 0.1M aqueous 
cerium nitrate solution and stirred at 300 rpm for 4 hours. The precipitated nanoparticles 
were centrifuged and washed with water multiple times to remove any impurities 
attached to the surface. Resultant nanoparticle powder was dried at 100°C and was 
analyzed by both X-ray diffraction (Rigaku Model) and high resolution transmission 
electron microscopy (Philips Tecnai series). HRTEM and AFM images shown in Figure 
4.1a,b demonstrate the structural morphology and size distribution of CNPs. Figure 4.1c 
shows the XRD pattern collected from CNPs. 
4.6.3 Tuning the Surface Charges of Cerium Oxide Nanoparticles 
To tune the surface charges of CNPs, we treated them with acidic and basic pH buffers. 
All buffers were specially prepared to ensure that each one had the same type of ions in 
the solution. Buffers were synthesized using 25 mL of 0.2 M KCl solution and 75 mL 
deionized water. HCl or KOH solutions were added as necessary to adjust the pH. The 
surface charges of CNPs were varied by treating 5 mg of the CNPs with 5 mL pH buffer 
at a 1 mg/mL concentration. The solution was then ultrasonicated for an hour and stirred 
using a magnetic stirrer for another 24 hours followed by centrifuging and re-dispersing 
in 5 mL deionized water. The ultrasonication and stirring cycles were repeated and the 
solutions were centrifuged at 65000 rpm for 10 minutes to precipitate the larger 
agglomerates. The supernatant solutions were then collected for ZP measurements by the 
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Zetasizer (Nano-ZS) from Malvern Instruments. Figure 4.1d shows the ZP graph 
obtained on pH buffer treated CNPs. 
4.6.4 Transferrin Coating on Cerium Oxide Nanoparticles 
To coat CNPs with Tf, we mixed 1 mg/mL of CNPs solution with 1 mg/mL concentration 
of Tf solution and stirred for one hour using a magnetic stirrer. Both the solutions were 
prepared using deionized water and the CNPs solution was ultrasonicated for an hour 
before adding the protein solution.  
4.6.5 Primary Culture of Human Lung Adenocarcinoma Epithelial Cells and Human 
Embryo Lung Fibroblast Cells 
Human lung adenocarcinoma epithelial (A549) and human embryo lung fibroblast cell 
lines (WI-38) were obtained from the American Type Culture Collection (Manassas, 
VA). WI-38 cells were cultured in Eagle‟s Minimum Essential Medium (EMEM) with 
Earle‟s balanced salt solution, non-essential amino acids, sodium pyruvate, 10% FBS, 50 
µg/mL streptomycin, and 50 IU/mL penicillin. A549 cells were cultured in Dulbecco‟s 
modification of Eagle‟s medium (DMEM) supplemented with L-glutamine, sodium 
pyruvate, 4.5 g/L glucose, 100 µg/mL streptomycin, 100 IU/mL penicillin (Mediatech, 
Herndon, VA), and 10 % fetal bovine serum (FBS, Equi-tech Bio, Kerrville, TX). Culture 
monolayers were maintained at 37
o
C in a humidified atmosphere containing 5% CO2. 
Cells were incubated for 24 hours with nanoparticles and then collected and washed with 
PBS to remove excess media and particles that were adsorbed on the surface of the cells. 
Cells incubated with CNPs were analyzed for their cerium content using a Thermo 
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Electron X-Series inductively coupled plasma mass spectrometer (ICP-MS), following 
APHA method 3125B to determine the amount of CNPs taken up by the cells. 
4.6.6 TEM Biological Cell Sample Preparations 
Human lung adenocarcinoma epithelial (A549) and human embryo lung fibroblast cell 
lines (WI-38) were cultured as previously described and incubated with a concentration 
of 100 nM of Tf:CNPs or bare CNPs overnight. Cells were washed two times with PBS, 
harvested using trypsin and spun down at 3000 RPM for 3min. Supernatant was removed 
and pellets were re-suspended by pipetting quickly up and down in 1mL fixative (5% 
glutaraldehyde, 4.4% formaldehyde, 2.75% picric acid 0.05M NaCaCo) solution. 
Samples were then cooled to 4
o
C. TEM samples were prepared by fixing them using a 
Poly/Bed 812 embedding media from Polysciences, Inc. Cells were then examined using 
a Zeiss 10 CA TEM at 60 keV beam energy. 
4.6.7 Single Molecule Force Spectroscopy (SMFS) 
Force measurements were carried out using Solver pro Scanning Probe Microscopy 
(SPM) with a SMENA controller from NT-MDT, Moscow, Russia. We used succinimide 
functionalized gold coated silicon nitride cantilevers (purchased from Novascan 
technologies) with an average spring constant of 0.05 N/m and a tip curvature radius of 
~10 nm for force measurements. Cantilevers were washed with deionized water and air 
dried. Tf solution was prepared by adding 10 mg of Tf powder into 10 mL deionized 
water, and the resulting solution was used for conjugating a succinimide terminated AFM 
probe with Tf. AFM probes were placed in the protein solution for half an hour and then 
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washed three times with phosphate buffer solution (PBS) followed by three more washes 
with deionized water. Multiple washing eliminates loosely bound protein molecules 
hanging from the AFM tip. SMFS samples were prepared by drop coating CNPs onto an 
atomically smooth silicon surface. The forces of interaction between Tf and CNPs were 
measured by lowering the probe tip close to the NP surface and retracting it until the 
protein-NP bond breaks. Force-distance spectroscopy measurements were carried out 
multiple times at different locations on CNPs coated silicon samples and the 
corresponding force values were plotted in the form of histograms. Experiments were 
repeated multiple times until a minimum of 100 force interaction curves were obtained 
for each sample. The force-distance spectrum yields 1000 points for each of the approach 
and retraction portions of the cycle.  
4.6.8 Transferrin Interaction with Silicon 
To understand the interaction mode and conformational changes of Tf, SMFS 
measurements were conducted on an atomically smooth silicon (Si) substrate in aqueous 
medium using Tf coated AFM probes. The obtained force deflection data was converted 
to force against displacement of the tip from the sample surface using the following 
equation. 
( ) ( ) ( ) /D t z t z s    (4.2) 
where D(t) is the distance between the AFM probe and the surface in nm, z(t) is the 
piezostage displacement, δ(z) is the cantilever deflection in nanoampere (nA) and s is the 
sensitivity of the cantilever determined by calculating the slope of the part of the force-
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distance curve reflecting the bending of the cantilever obtained on silicon sample. The 
force F(z) is calculated by using the Hooke‟s law for a linear elastic spring (cantilever) as 
szkzF c /)()(                         (4.3) 
where kc is the spring constant of the cantilever. Figure 4.7a shows the deflection-
extension profile of Tf-Si interaction. The corresponding force-extension profile is also 
shown in Figure 4.7b. During the retraction process, Tf molecules were stretched until the 
applied force exceeded the adhesion between the protein molecule and the silicon 
substrate. This leads to the detachment of the protein molecule from the substrate 
followed by a sudden decrease in the force exerted by the cantilever. The AFM probe and 
the Tf molecule experienced a pull of force of 2.658 nN and 542 pN respectively on the 
silicon substrate. At a neutral pH, silicon with a thin native oxide layer exhibits negative 
charges on the surface and Tf is therefore expected to have less interaction with silicon. 
However, due to surface charge differences, silicon nitride AFM tip showed a strong 
interaction with the silicon surface. WLC fitting calculations yielded a persistence length 
value of 0.5 nm. The contour length obtained for the interaction of Tf with the silicon 
substrate is 104.8±0.9 nm (Figure 4.7b). Assuming that each amino acid contributes 
~0.38 nm to the contour length of a fully extended chain, a polypeptide chain of ~276 
amino acids of Tf was stretched during this pull-off experiment. The contour length 
(104.8±0.9) of the stretched portion of Tf was smaller than an estimated fully extended 
length of Tf (~257 nm). This could be due to the unfolding of part of the peptide chain 
(most likely just one of the two domains of the protein) because of the lower interacting 
forces acting between the Tf and silicon surface. According to the WLC model, prior to 
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the stretching the protein experienced a force of ~305 nN, and during stretching the 
protein experienced an additional force of ~237 nN. SMFS measurements conducted on 
the silicon substrate helped us better understand the interaction behavior of Tf with 
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Figure 4.7: (a) The deflection-extension spectrum of a Tf coated AFM probe interacting 
with silicon substrate; (b) the corresponding force-extension spectrum of a Tf coated 
AFM probe interacting with silicon. The AFM probe and the Tf molecule experienced a 
pull of force of 2.658 nN and 542 pN respectively. 
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4.6.9 Characteristic Domain Unfolding of Transferrin 
SMFS experiments performed on all the three types of NPs samples (NPs with ZPs 
+36.4±0.7 mV, +5.9±1.2 mV, and -35.1±0.9 mV) displayed saw tooth like unfolding 
force curves with multiple force jumps. The force-extension spectrum shown in Figure 
4.8 (corresponding to the interaction of Tf with +5.9±1.2 mV charged CNPs) was fitted 
with a persistence length of 0.4 nm and the WLC fit yielded a contour length of 
145.75±2.1, 111±6.5, and 87.02±3.4 for the three force jumps. These contour lengths 
correspond to the stretching of polypeptide chains of ~384, ~294 and ~229 amino acid 
residues. Since each domains of Tf consists of ~330 amino acid groups, the above 
contour lengths indicate the characteristic domain unfolding of more than one interacting 
protein. 
























Figure 4.8: Characteristic domain unfolding of Tf interacting with CNPs. These force 
jumps appeared to represent the characteristic domain unfolding usually seen in SMFS of 
giant protein molecules.  
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4.6.10 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR 
FT-IR) Analysis of Transferrin Coated Ceria Nanoparticles 
In order to confirm the surface functionalization of CNPs with Tf, ATR FT-IR 
characterization was carried out. Tf:CNPs were obtained by mixing the protein solution 
with positively charged CNPs that were then centrifuged and washed with water to 
remove any loosely adhered Tf. Dried Tf:CNPs powder was analyzed by ATR FT-IR 
measurements. The spectrum was recorded using a Perkin-Elmer (Spectrum one) FT-IR 
spectrometer in the range of 4000 to 600 cm
-1
 with a resolution of 2 cm
-1
. Figure 4.9 
shows the ATR FT-IR measurements conducted on pure Tf, pure CNPs, and Tf:CNPs. 
No characteristic features were observed for pure CNPs. A broad peak was observed for 
both Tf and Tf:CNP around 3400 cm
-1
 due to the presence of hydroxyl groups. Tf:CNPs 
show peaks at 1640 and 1516 cm
-1
 which can be assigned to the presence of amide C=O 
groups (from amide I band) and vibrations of tyrosine side chains, respectively.
6
 The 
presence of different functional groups such as C=C (1520 cm
-1





) and CH (846 cm
-1
) in the ATR FT-IR spectrum of Tf:CNPs confirms the 
presence of Tf coating on the surface of CNPs.  
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Figure 4.9: ATR-IR spectra of pure CNPs, pure Tf and Tf:CNPs. Vibration peaks 
corresponding to (a) C=O (1640 cm
-1
 from amide I band), (b) C=C (1520 cm
-1
), (c) OH 
(1330 cm
-1
), (d) C-O (1155 cm
-1
) and (e) CH (846 cm
-1
) confirm the presence of Tf 
coating on the surface of CNPs.  
  
4.6.11 X-Ray Photoelectron Spectral (XPS) Studies of Transferrin Coated Ceria 
Nanoparticles 
The Tf coating on CNPs was examined using a 5400 PHI ESCA X-ray photo electron 
spectrometer (XPS). The base pressure during the XPS analysis was approximately 10
-9
 
Torr, and Mg Kα X-radiation (1253.6 eV) at a power of 300 W was used for sample 
irradiation. The instrument was calibrated using a standard gold sample at a binding 
energy of 84.0 ± 0.1 eV for the Au(4f7/2) peak. All the samples were prepared by pressing 
them onto an In foil. Figure 4.10 shows the XPS spectra recorded for Tf:CNPs 
corresponding to cerium Ce(3d) and iron Fe(2p) in Tf:CNPs. Cerium has a complex 




iron XPS peaks, Fe(2p1/2) and Fe(2p3/2) resulting from holo-Tf confirms the presence of 
Tf on Tf:CNPs. 
 
Figure 4.10: High resolution X-ray photoelectron spectra for (a) Ce(3d) and (b) Fe(2p) 
indicating the presence of Ce and Fe in Tf:CNPs. The cartoon diagram of Tf:CNP shows 
the magnified view six-coordinate iron binding site in Tf. The coordination geometry is a 
distorted octahedral. The carbonate ion is held in place by hydrogen bonds (green lines) 
to the amino acid side-chains. 
 
4.6.12 UV-Vis Analysis of Transferrin Coated Ceria Nanoparticles 
 The amount of proteins adsorbed on CNPs was calculated using the equation: 
mVCCq fi )(    (4.5) 
where Ci and Cf correspond to the initial Tf concentrations and the final Tf concentration 
in the supernatant after centrifugation; V is the total volume of the solution; and m is the 
mass of the CNPs added into the solution. The Tf concentration values are calculated by 
measuring the UV absorbance maximum at 280 nm wavelengths on Tf:CNPs and using a 
standard absorption calibration curve obtained on known concentrations of Tf (Figure 
4.11). Tf:CNPs showed a protein adsorption of approximately 500 mg/g of CNPs. 
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Figure 4.11: UV-Visible spectroscopy measurements were carried out for known 
concentrations of Tf at the absorbance maximum of 280 nm. Inset shows the calibration 
curve prepared using known concentrations (0.1 to 0.5 mg/mL) of Tf.  
 
4.6.13 TEM Images of Cells Incubated With Ceria Nanoparticles 
Figure 4.12 shows the TEM images of A549 and WI-38 cells incubated with CNPs. A549 
cells incubated with bare CNPs did not show much cellular uptake. Similarly, in the case 
of WI-38 cells, Tf:CNPs showed fewer uptakes and appeared as if they were trapped near 
the cell membrane and did not show much diffusion into the cell. 
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Figure 4.12: (a) TEM image of A549 cancer cells incubated with bare CNPs; (b) TEM 
image of WI-38 healthy cells incubated with Tf:CNPs. Red circles represent the positions 
of the nanoparticles in the cells.  
 
4.6.14 Computational Details 
All calculations presented were carried out with the plane-wave based Vienna ab initio 
simulation package (VASP).
8, 9
 The electronic ground state was determined by using 
local density (LDA) approximation. We used the LDA+U version with local parts 
described by Ceperley-Adler functional. On site Coulomb and exchange interactions are 
treated by a single effective parameter U-J. Plane waves were included up to an energetic 
cutoff of 415 eV and electronic wave functions were described using the projected 
augmented wave (PAW) method and U-J=5 eV.
10
 These calculation parameters were 
recently employed for investigation of cerium oxide and it was shown that the LDA+U 
approximation demonstrates better agreement with experiments than GGA+U 
approach.
11
 Super cells were chosen with at least 10 Å between replicas to remove 
spurious periodic interactions while Coulomb interactions between periodic charged 
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CHAPTER 5: SUMMARY, CHALLENGES AND FUTURE SCOPE 
Atomic force microscopy (AFM) based force-distance (F-D) spectroscopy have been 
shown to be a unique characterization technique for understanding the basic materials 
properties such as the intra-atomic interaction forces determining the surface adhesion 
and inter-atomic interaction forces determining the mechanical strength of the materials. 
Cancer cells targeted drug delivery of therapeutics is always a challenging task for the 
biomedical researchers. A significant contribution of this dissertation is an insight into 
the possible way of functionalizing cerium oxide nanoparticles (CNPs) for preferential 
cellular uptake. This dissertation discuss in detail about the use of AFM based single 
molecule force spectroscopy (SMFS) in probing picoNewton level interaction forces 
acting between the CNPs and transferrin protein (Tf) molecules. It is shown that, by 
suitably tuning the surface charges of the nanoparticles (NPs), a strong binding 
interaction between the ligand protein molecules and nanoparticles can be achieved in 
physiological pH conditions. This dissertation also discusses the density functional theory 
(DFT) simulations employed to understand the protein-nanoparticle interactions. The 
information on the nature of chemical bonding between the protein molecules and 
nanoparticles is a significant contribution of this dissertation. The cellular uptake studies 
proved the potentials of using transferrin protein coated nanoparticles for targeted drug 
delivery. The dissertation also discuss about the dynamic ion exchange reactions 
occurring on the surface of colloidal CNPs, leading to their natural time dependent 
surface charge reversal and its influence in determining the CNP‟s adhesion properties 
with organic (protein) and inorganic (silica) surfaces. Using DFT calculations, it is 
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demonstrated that the initial positive surface charges exhibited by CNPs are resulting 
from the adsorption of kinetically favourable H
+
 ions onto their surface and the time 
dependent surface charge reversal towards the negative charges are due the adsoption of 
more thermodynamically favorable OH
-
 ions. 
 Similarly, this dissertation shows that by varying the nature of catalyst, it is possible to 
prepare silica nanoparticle thin film surfaces with roughness ranging from ~0.3 nm to 
~16.2 nm and particle size varying from ~5.9 nm to ~99.5 nm. By applying F-D 
spectroscopy technique in the high force regime (<1 nN), the elastic properties of thin 
silica nanoparticle films of thickness varying from ~105 nm to ~635 nm is obtained. A 
correlation between the mechanical properties and the porosity of the thin films is another 
major contribution of this dissertation.  
5.1 Challenges and Future Scope 
It has been a challenging experience for the author and the collaborators involved in this 
work to understand the force-distance spectroscopy technique to explore the unique 
biological properties of CNPs. While the significance of this work has been emphasized 
in the previous section, there are still few observations remains indefinable. In addition to 
finding, unique observations related to the biological (cell, protein and DNA) interactions 
of CNPs, the experience from this dissertation research provided some specific directives 
based on which future studies on the biological interactions of CNPs and other 
nanoparticles should be undertaken. 
Following are some questions that remained unanswered at the time of this dissertation 
submission: 
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 Can the protein undergo confirmation changes, while it is adsorbed on to the NP 
surface? 
 Is it possible to retain a strong binding adhesion between the NPs and protein 
molecules during in vivo experiments? 
 Is there a chance that blood proteins can get adsorbed on to the NPs during 
targeted drug delivery transportation process? 
 Will the phagocytes remove protein coated NPs from the blood stream during 
their transportation inside the body? 
Most of the above-mentioned observations are significant in drug delivery and imaging 
related therapeutics applications. Physiochemical and biological modifications of the 
nanoparticle surfaces can play a vital role in designing nanosize drug carriers, which may 
preferentially target and deliver therapeutic drugs to malignant cells in human body. 
Hence, it is essential to understand all possible surface physical and surface chemical 
properties of biocompatable nonmaterials that can have possible impact on their behavior 
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